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Foreword

This is a compilation, of abstracts of reports from Principal
Investigators of NASA's Office of Space Science and Applications,

Solar System Exploration Division, Planetary Geology and Geophysics
Program.

The purpose of this publication is to document in summary form
research work conducted in this program over the past year (1990).
Each report reflects significant accomplishments within the area of
the author's funded grant or contract.

No attempt has been made to introduce editorial or stylistic
uniformity; on the contrary, the style of each report is that of
the Principal Investigator and may best portray his research.

Joseph Boyce
Discipline Scientist
Planetary Geoscience Programs
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PROCESSES OF DEEP TERRESTRIAL MANTLES AND CORES.
Raymond Jeanloz, Department of Geology and Geophysics, University of California,
Berkeley, CA, 94720.

Ultrahigh-pressure experiments are currently focused on revealing processes occurring
deep inside planets. This is in addition to the traditional emphasis on the constitution of
planetary interiors, such as the identification of the high-pressure perovskite phase of
(Mg,Fe)SiO3 as the predominant mineral inside the Earth, and probably Venus.

For example, experiments demonstrate that the mechanism of geochemical differentiation,
separation of partial melt, differs fundamentally in the lower mantles of Earth and Venus than at
near-surface conditions. This is because silicate melts tend to stagnate or even sink deep in the
mantle, rather than rising buoyantly. The change in differentiation mechanism is caused by
structural transformations of the melt, analogous to the structural transitions of crystals induced
by pressure. A statistical mechanically based model of melt structure reproduces the
experimentally observed shape of the high-pressure meltin g curve for the Mg-silicate
perovskite phase, thus supporting the concept of melt densification deep inside planets.

In addition to structural transformations, changes in chemical bondin g caused by pressure
can also be significant for planetary interiors. In particular, experiments indicate that high-
pressure bonding changes cause liquid iron to react vigorously with the silicates of the deep
mantle inside Earth and Venus. The core-mantle boundary is thus inferred to be the most
chemically active region of these planets. In contrast, pressures may be too low to induce the
same phenomena in the mantle of Mars. The heterogeneous products of reaction between
mantle and core are inferred to form the seismological D" region, and possibly to influence the
geomagnetic field of the Earth. Thus, the cores of large terrestrial planets evolve geochemically
through contamination by (alloying with) the mantle over geological time.

Measurements of AC and DC electrical conductivity can be obtained at ultrahigh
pressures and temperatures, to > 80 GPa and > 3000 K simultaneously, usin g the laser-heated
diamond cell. Quantitative agreement with conductivity values and activation energies obtained
by resistance heating or by shock-wave techniques attest to the reliability of the data.
Contamination of the sample, including reaction with the leads, can be avoided. Oxygen
fugacity is controlled (though not predetermined) in the experiments, but the available results
suggest that it alone does not determine ion valences at high pressures.

Anhydrous lower-mantle assemblages (perovskite + oxide phases) exhibit an electrical
conductivity that depends strongly on Fe content: relatively low values, < 10-3 S/m at lower-
mantle pressures and temperatures, are obtained for typical upper-mantle compositions (Mg
value ~0.9), whereas the conductivity of iron-enriched assemblages (Mg value ~0.8) is

comparable to that inferred for the outer portions of the Earth's lower mantle, ~ 100-10! S/m.

‘Assemblages with ~4 wt.% HjO also exhibit conductivities of ~10-1-100 S/m.

Contrary to traditional assumptions, temperature affects the conductivity of lower-mantle
assemblages relatively little: we obtain activation energies of ~0.1-0.4 eV. The conduction of
the Fe-rich and Fe-poor samples is interpreted in terms of extrinsic electronic mobility and
electron hopping, respectively. Similarly, pressure has only a small effect on conductivity, and
we find no evidence for dominant ionic conduction either in the crystalline or molten samples at
lower-mantle pressures. Instead, composition and valence states primarily seem to control the
electrical conductivity at lower mantle conditions.

The Earth's deep-focus seismicity can be explained by the recycling of water into the
mantle. Specifically, high-pressure experiments using the diamond cell show that hydrous
minerals such as serpentine, talc and pyrophillite generate acoustic emissions upon
compression to pressures exceeding ~10-20 GPa, when temperatures are maintained below
~1000 K. In contrast, anhydrous assemblages involving olivine, pyroxene or their high-
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pressure phases have not been found to produce acoustic emissions at elevated pressures.
Hydrous minerals are present in the uppermost mantle of oceanic lithosphere due to infiltration
by and reaction with seawater prior to subduction, and temperatures are expected to be
sufficiently low to prevent dehydration and to produce the seismic events within the coldest
portions of downgoing slabs. In addition, subduction-zone seismicity at depths < 150-200 km
can in part be explained by dehydration at temperatures > 900 K.

Once present at depths greater than 200-300 km, water can be stably maintained within
the crystalline phases of the mantle. Experiments with the laser-heated diamond cell, for
example, demonstrate that 4 wt.% water reacts to form a stable assemblage of (Mg,Fe)SiO3
perovskite and Liu's phase D at pressures of ~20-60 GPa. Thus, up to 10-102 times the water
content of the oceans and atmosphere can be present in the deep mantle, implying that the
interior may be the predominant reservoir of hydrogen for the Earth.
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Implications of Convection in the Moon and the Terrestrial Planéts
Donald L. Turcotte, Department of Geological Sciences, Cornell University,
Ithaca, NY 14853-1504

During the past year a principal effort has been to determine the thermal and chemical
evolution of the moon and the terrestrial planets. The calculations give secular variations of the
internal temperatures, Rayleigh numbers, viscosities, crustal thicknesses, lithospheric thicknesses,
rates of volcanism, Urey numbers, and planetary radii. The principal effect studied during this
period was the role of crustal recycling on evolution. Without crustal recycling the volcanism
associated with crust formation extracts the heat producing elements from the interior of the
planetary body on a relatively short time scale. Secular cooling may cause some further volcanism
but convection slows as the interior cools and volcanism ceases.

Crustal creation without recycling appears to explain the observed evolution of the moon
and Mars. The unresolved question primarily concern Venus. Low rates of crustal recycling
imply a thick crust on Venus. We have also determined the thickness of the lithosphere on Venus
for various models for the concentration of radioactive elements in the crust. A relatively thick
lithosphere is obtained if a substantial fraction of the radiogenic isotopes are in the crust and these
have a near-surface enrichment factor of at least two.

Our paper “Implications of crustal fractionation for planetary evolution” by D.L. Turcotte
and Jie Huang remains a major effort. It has evolved into a comprehensive review of the thermal
and chemical evolution of the moon and the terrestrial planets. During this period the section on
Mars was expanded and brought up to date. A major effort was made to correlate the stratigraphic
record of surface volcanism with the predictions. During this period our studies on the evolution
of Mars were presented at the 21st Lunar and Planetary Science Conference, March 12-16, 1990.
The extended abstract of this meeting was published (Turcotte and Huang, 1990). The work has
also been incorporated into the review article “Origin and thermal evolution” (Schubert et al.,
1991).

With the new results obtained from Venus by the Magellan Mission our efforts were
concentrated on this planet. We carried out a series of studies:

1.) We examined alternative models for the thermal structure of the lithosphere of Venus. We
considered variations in the thickness of the the crust on Venus, variations in the planetary
concentrations of the heat-producing isotopes, variations in the fraction of isotopes concentrated
into the crust, and we considered various models for the vertical fractionation of the isotopes
within the crust. We found that the important effect was the concentration of heat-producing
elements in the crust.

2.) We studied the statistical distribution of the locations of the coronae on Venus. We found
that the distribution was fractal and had a strong resemblance to the statistical distribution of
hotspots on earth.

3.) We examined models for the patterns of faulting around the coronae on Venus. These
models considered the lithosphere on Venus to be a thin elastic shell and considered alternative
models for loading the shell, including both static and dynamic force balances. Models were
obtained that were in agreement with observations.



4.) We considered a series of viscous models for the development and relaxation of elevation
anomalies on Venus.

5.) We studied rates of solidification of volcanic flows on Venus. Both radiative and convective
heat transfer were considered.
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DYNAMIC MODELS FOR RIDGE BELT FORMATION ON VENUS.

ax 9 e o ™ot e A M AL ITT T e Thamn andamm 2 ~L T~ e
Mark Simons, Sean C. Soloinon, and Bradford H. Hager, Department of Carih, Almosphcric,

and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139.

Introduction. Deformation in a number of lowland plains regions on Venus is
concentrated into distinct linear zones or belts!- 2, High-resolution images and altimetry of
such deformation belts have recently been obtained by the Magellan spacecraft for Lavinia
Planitia, a broad quasi-cirular lowland in the southern hemisphere. These data reveal that the
belts are 50-200 km wide, several hundred kilometers long, spaced several hundred kilometers
apart, and are generally elevated by several hundred meters above the surrounding plains.
They are characterized morphologically by sets of closely spaced ridges and grooves that tend
to parallel the trend of the belt and to be concentrated in the most elevated terrain3-5. The belts
are interpreted as products of lithospheric shortening and crustal thickening. The lithospheric
shortening expressed by the ridge belts has been postulated to be the result of convective
downwelling beneath the lowland planitia®: 7. In this paper we test this hypothesis
quantitatively; specifically, we develop dynamical models for the interaction of mantle
convection with the crust and we compare the models to the characteristics of the ridge belts in
Lavinia Planitita.

On Earth, large scale surface-deformation is confined to the plate boundaries. This
behavior is ascribable to the presence of a relatively strong plate overlying a low viscosity
asthenosphere. However, on Venus, the elevated surface temperature leads to a weak
lithosphere. Furthermore, the high correlation of long wavelength topography and gravity, as
well as the lar%e %pparent depths of compensation, indicate that Venus does not have an
asthenosphere’-10, Thus, models of tectonic deformation on Venus must account for
" convectively induced stresses. Because of the very low erosion rates on Venus12, any large-
scale tectonic expression of underlying convection may be preserved for considerably longer
times than on Earth. Indeed, different tectonic areas of Venus may each be an expression of
distinct stages in the evolution of convective upwellings and downwellings.

Approach. On the basis of analytical models of convection-induced crustal flow!3. 14, the
crust may be regarded as having has two responses to convective downwelling. The first is a
"flexural” response, during which the surface and crust-mantle boundary can be thought of as
deforming "in phase." Following this, the crust responds by thickening, which continues until
isostatic and dynamic equilibrium is established, at which point the surface boundary and the
crust mantle boundary are anticorrelated. In our models, we examine the transition from the
~ relatively instantaneous initial "flexural" response to the beginning of crustal thickening. The
models use a marker chain/marker particle version of the 2-D Cartesian finite element program
ConManl3, a procedure which allows us to follow the deformation of both crust and mantle.
Unlike analytical models, we can employ both material- and temperature-dependent viscosities.
In addition to the crust-mantle boundary and surface deformation, we also calculate the thermal
gradient and the stress field in the lithosphere.

Models. A series of models have been developed to address several objectives. The most
important of these are the relationship of mantle downwelling to the formation of zones of
concentrated crustal thickening and the factors controlling the spacing and dimensions of
deformation belts (e.g., vertical structure, initial lateral heterogeneity). The sensitivity of the
crustal deformation pattern to regional thermal gradient and mean crustal thickness is also being
investigated.



An example illustrates our approach. Our finite element mesh is a 70 by 70 element
rectangle, where each element is 5 km high and 10 km wide. This mesh is 700 km wide and
350 km in vertical dimension. We impose free-slip boundary conditions on the top and side
walls, with no flow through these walls. We apply a no-slip condition on the bottom
boundary, while vertical flow through this boundary is unconstrained. In effect, this last
boundary condition gives us a virtual 700 km by 700 km box. The surface topography is
calculated from the vertical stresses on the top wall of the box. The crust-mantle boundary is
simply the marker chain location at any given time.

We use an initial temperature field selected to explore the transient response of the crust to
the initiation of mantle upwelling and downwelling. Top and bottom temperatures are fixed at
500°C and 1250°C, respectively, Initially, we impose a linear temperature gradient across the
lithosphere and set the rest of the mantle to be isothermal. To initiate a plume at one corner of
the bottom boundary, we fix the temperature there to be higher than that of the ambient mantle.

We have investigated several models with a constant viscosity mantle overlain by a
constant viscosity crust. In these models we use crustal thicknesses of 15 or 25 km and ratios
of crustal viscosity to mantle viscosity of 1 or 10. For all the models, the surface and crust-
mantle boundaries initially deform "in phase,” as in earlier analytical models13. 14, At later
stages of deformation, the crust thins over the area of upwelling and thickens over the region of
downwelling. During the thickening phase, necking instabilities produce ridge-like features
spaced hundreds of kilometers apart and hundreds of meters high (Figure 1). The
characteristic widths of the instabilities are consistent with previous analytical results!6, and the
positions of the instabilities are time-dependent. If the instabilities depend on crustal thickness
(or, more strictly, the density and viscosity structure), then the time-dependence may be
explained by interference from different wavelengths being excited by the variation in crustal
thickness with position and time. The models also indicate that an increase in initial crustal
viscosity and a decrease in initial crustal thickness both favor instability growth. This behavior
probably results from the interaction of horizontal extensional and compressional stresses with
the shear stresses at the base of the crust.

Conclusions. These models support the hypothesis that convective stresses can produce
the broad topographic depression of lowlands on Venus and can lead to the formation of ridge
belts on either side of the topographic low. Future models will include temperature-dependent
rheology, altenative flow geometries, and the transient effects of cessation of upwelling or
other changes in flow patterns.

References: 1V.L. Barsukov et al. (1986) JGR, 91, D378-D398. 2D B. Campbell et al.
1991). Science, 251, 180-183. 3S.C. Solomon et al. 21991). Science, 252, in press.
S.W. Squyres et al. (1991). LPSC, 22, 1309-1310. 5S.L. Frank and S.W. Squyres
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Figure 1. Deformation of the surface and crust-mantle boundary with time. The crust is
initially 15 km thick and 10 times more viscous than the mantle.
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AN ASSESSMENT OF THE CRUSTAL REMELTING HYPOTHESIS
FOR VOLCANISM IN THE FREYJA MONTES DEFORMATION ZONE.
Noriyuki Namiki and Sean C. Solomon, Department of Earth, Atmospheric, and Planetary
Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139.

Introduction. The linear mountain belts of Ishtar Terra on Venus are notable for their
topographic relief and slope and for the intensity of surface deformation!.2. The mountains
surround the highland plain Lakshmi Planum, the site of two major paterae and numerous
other volcanic features and deposits3:4, and evidence is widespread for volcanism within the
mountains and in terrain immediately outward of the mountain belt units2:4. While the
mountains are generally regarded as products of large-scale compression of the crust and
lithosphere2.5, whether western Ishtar Terra is a site of mantle upwelling and consequent
hot spot volcanism6-8 or of mantle downwelling and consequent convergence of lithospheric
blocks9:10 is currently a matter of debate. If the upwelling mode! holds, then volcanism in
Lakshmi Planum and presumably within the mountains and adjacent terrain is likely a
result of pressure-release partial melting in the upwelling mantle€-8. If the downwelling
model is appropriate for western Ishtar Terra, then partial melting in the underlying
mantle is less likely, and the volcanism may require remelting of thickened crust9:10,
While these two hypotheses for magmatism can be distinguished on the basis of the
chemistry of the melts'1, chemical data are presently lacking for the Ishtar region.

The competing hypotheses for magmatism in western Ishtar Terra can also be tested with
thermal models, given a kinematic or dynamic model for the evolution of the region. In this
paper we assess the crustal remelting hypothesis, utilizing the kinematic scenario of Head12
for the evolution of Freyja Montes. In that scenario Freyja Montes formed by a sequence of
large-scale underthrusts of the lithosphere of the North Polar Plains beneath Ishtar Terra,
with successive blocks of underthrust crust sutured in imbricate fashion onto the thickened
crust of Lakshmi Planum and the mantle portion of underthrusting lithosphere episodically
detached!2. The time scales and several important length scales for this process are not
presently derivable from geological observations but may be treated as free parameters in
numerical models.

Thermal Model. The adopted kinematics of convergence, crustal underthrusting,
detachment of the mantle portion of the lithosphere, crustal imbrication, and corresponding
crustal thickening are depicted in Fig. 1. The time-dependent temperature field for this
kinematic model is obtained by solving a finite-difference approximation to the two
dimensional heat equation!3.14, The base of the thermal lithosphere is assumed to be
defined by a homologous temperature, that is, a fixed fraction s of the mantle solidus
temperature, and the asthenosphere is assumed to be well mixed and isothermal. The initial
condition (i.e., prior to convergence and underthrusting) is taken to be a laterally uniform
structure in thermal equilibrium. The ranges in key but poorly constrained parameters in
the model are summarized in Table 1. :

Numerical Results. Remelting of the crust can take place in two different ways. One is
by direct contact of the crust with hot asthenosphere; the other is by heat generation in a
thickened crust. If the melting temperature of crustal material at the pressure
corresponding to the normal base of the crust is lower than the asthenospheric temperature,
then crust melts from the time of detachment of the subcrustal portion of the lithosphere.
Melting continues until a new segment of underthrust lithosphere shuts off the imbricated
blocks from the asthenosphere and allows them to cool. The second mechanism for crustal
melting is heating of a thickened lower crust by radioactive heat generation. Melting of this
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type is strongly dependent on the asthenospheric temperature, the crustal abundance Ac of
radioactive heat sources and the maximum depth hp of underthrust crust. As Ac increases,
the minimum value of hp required for melting decreases. |f hp is larger than the
lithosphere thickness, then the lower parts of imbricated blocks are surrounded by
asthenosphere. The imbricated blocks are then heated efficiently, and more melt is
produced.

An approximate estimate of magma production rate may be made by converting, at each
time step and for each partially molten zone in the model, the temperature in excess of the
melting temperature into heat of fusion. The variations in estimated melt volume per time
step (about 2 My) for three representative models are shown in Figure 2. (In model 1, 2,
3: h, = 20,20,29 km; q¢ = 35, 50, 65 mW/m2; s = 0.90, 0.91, 0.96; A, = 20, 25, 50 x
10'1‘f W/kg; hp = 40, 100, 100 km; for all models: v = 5 mm/yr, dip angle of thrust =
15°.)

Discussion. The numerical experiments thus show that volcanic activity associated with
the formation of the Freyja Montes deformation zone can be explained by crustal melting,
due either to direct contact of crustal material with the hot asthenosphere or to heat
generation in a thickened crustal layer. Time variations in rate of magma generation show
different patterns for the two different mechanisms of melting. If crustal melting is due
principally to direct heating by the asthenosphere, magma generation can show sudden
increases and more gradual decreases (Fig. 2) controlled by the timing of lithospheric
delamination events. Alternatively, if melting is due principally to crustal thickening, then
the magma generation rate generally grows monotonically with time (Fig. 2). Such
temporally distinct magmatic behavior may ultimately be distinguishable by analysis of
Magellan imaging data.

References. 1V.L. Barsukov et al. (1986). JGR, 91, D378-D398. 23.C. Solomon et al. (1991).
252, Science, in press. 3K.M. Roberts and J.W. Head (1990). EMP, 50/51, 193-249. 4 J.W. Head
et al. (1991). Science, 252, in press. SL.S. Crumpler et al. (1986). Geology, 14, 1031-1034. 6A.A.
Pronin (1986). Geotectonics, 20, 271-281. 7AT. Basilevsky (1986). Geotectonics, 20, 282-288.
8R. E. Grimm and R. J. Phillips (1990). GAL, 17, 1349-1352. 9K .M. Roberts and J.W. Head (1990).
GRL, 17, 1341-1344. 10D.L. Bindschadier and E.M. Parmentier (1990). JGR, 95, 21,329-21,344.
11p.C. Hess and J.W. Head (1990). EMP, 50/51, 57-80. '2J.W. Head (1990). Geology, 18, 99-
102. 13P. Bird et al. (1975). JGR, 80, 4405-4416. 14M.N. Toks6z and P. Bird (1977).
Tectonophysics, 41, 181-193. 15D. McKenzie and M.J. Bickle (1988). J. Petrol., 29, 625-679.

Table 1. Ranges in Assumed Parameters for Thermal Models
Parameter Rg
Crustal Thickness he 5-100 km
Surface Heat Flow Qs 25-75 mW/m?2
Homologous Temperature s 0.85-0.96
Crustal Radioactive Heat Production - Ac 0-70x10-11 Wrkg
Convergence Rate v 1-100 mm/yr
Crustal Solidus . 1373 + 6.0x10-8P[Pa] K
Mantle Solidus . P[GPa] = (T-Tg)/a+bxexp(c(T-To))"
Maximum Depth of Underthrust Crust hp 40-100km

*) a= 136, b = 4.968x10-4, ¢ = 1.2x10°2, Tg = 1373 °K [Ref. 15].
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MARTIAN SEISMICITY

Roger J. Phillips and Robert E. Grimm, Department of Geological Sciences, Southern Meth-
odist University, Dallas, Texas 75275

Introduction. The design and ultimate success of network seismology experiments on
Mars depends on the present level of martian seismicity. Volcanic and tectonic landforms
observed from imaging experiments show that Mars must have been a seismically active
planet in the past and there is no reason to discount the notion that Mars is seismically active
today but at a lower level of activity. Here we explore models for present-day seismicity.

Method. The frequency of occurrence, N¢, of marsquakes as a function of surface wave
magnitude, My, is given by the relationship

dNg/dM; = Aexp(-BM,) (1)

where the B-value adopted is 2.07 [1]. The maximum rate of shear strain over a time inter-
val t can be related to the sum of the seismic moments, M, through [2]

depax/dt = EM/uVit @

where V is the seismogenic volume and p is the shear modulus (here taken at 7x1010 Pa).
The sum of the seismic moments can be expressed as

rMS(MaX)
IM, = J My(Ms)[dN ¢/dMs]dMs 3)

where Ny is the rate of occurrence of marsquakes (a function of Ms) and M((Max) is the
magnitude of the largest marsquake, which we guess by comparison to the Earth and Moon.
We use a relationship between seismic moment and shear wave magnitude for intraplate
earthquakes in the terrestrial oceanic lithosphere [3] (these events are probably thermoelastic
in origin):

Mp(M;) = 4.68x1011exp(2.58M) @)

where the units are N-m. Substituting (1), (2), and (4) into (3) yields in units of (yr-
magnitude)-1

Ag = 2.40x106[(de 5/dt) V1exp[-0.509M (Max)] (5)

Substitution of (5) into (1) and integrating over the interval (Mg, Ms + AMs) yields the rate
of occurrence of marsquakes in that interval as a function of Mj(Max), strain rate, and seis-
mogenic volume. We proceed to estimate strain rates and the attendant seismogenic
volumes for various processes operating in the martian environment.

Sources of Global Seismicity. Sources of martian seismicity include thermoelastic
cooling, regional loading of the surface including Tharsis and the polar caps, changes in the
principal moments of inertia, obliquity changes, daily and annual solar tides, and atmo-
spheric coupling. Seismicity is estimated for the first three mechanisms.

We performed a simple parameterized convection calculation [4], which shows that the
mantle of Mars has cooled about 3° C and the lithosphere has cooled about 10° C (and thick-
ened) in the last 108 years. In the oceanic lithosphere, earthquakes occur as deep as the 800°
C isotherm [5]. In the martian thermal model this corresponds to a depth of about 150 km,

13



/

which defines the seismogenic thickness, Z; . The cooling rate in the lithosphere can be re-
lated to strain rate through the coefficient of thermal expansion, . If Zj <<Ry, the martian
radius, then

dEpax/dt = (AT/ADZ; /Rg (6)

Using M((Max) = 6, strain rate as calculated from equation (6) (= 6x10-21 s1), and a
spherical shell of thickness 7, for seismogenic volume yields the frequency distribution for
marsquakes shown in the figure below. From this distribution we see that thermoelastic
cooling of the lithosphere would be expected to yield 17 events greater than magnitude 4 in
a decade. This result is probably a lower bound in that much higher cooling rates without a
proportional decrease in seismogenic volume might be expected in the Tharsis region.
Whether such events are detected in a network depends, inter alia, on the seismic attenua-
tion and scattering properties of the martian interior [6].

If the Tharsis load is supported in part by thermal buoyancy associated with a magmatic
source region, then loss of buoyancy due to cooling leads to a strain rate:

de/dt = -po(dT/dt)goh/E @

where g is planetary gravity, h is the vertical dimension of the cooling region, and E is
Young’s modulus. Using h = 200 km and the same cooling rate as above leads to de/dt = -
1x10-2! with E = 2x10!! Pa. Combined with a smaller seismogenic volume, this process ap-
pears to be less important than thermoelastic cooling. The cooling and contraction of
Tharsis will also change the difference in the principal moments of inertia, but the ac-
companying strain rate is also smallJrelative to thermoelastic effects per se.

Conclusions. Depending on the sensitivity and geometry of a seismic network and the
attenuation and scattering properties of the interior, it appears that a reasonable number of
martian seismic events would be detected over the period of a decade. The thermoelastic
cooling mechanism as estimated is surely a lower bound, and a more refined estimate would
take into account specifically the regional cooling of Tharsis and lead to a higher frequency
of seismic events. This analysis should be repeated using the moment-magnitude rela-
tionship for body waves, and other mechanisms, as listed above, should also be evaluated.
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Thermal Models for Icy Satellites

Robert H. Brown
Jet Propulsion Lab/Caltech

We have completed the first major stage of this project: to constrain our
solid-state greenhouse models for water ice surfaces using thermal eclipse data. As
a result we have determined that at depths of 3 cm or more Europa can have about a
30 K temperature enhancement over the diurnal-mean surface temperature of about 97 K
at the equator. We have also determined that the unusual shape of Europa’'s thermal
flux curves during eclipses can be explained by the solid-state greenhouse effect,

Since we completed the work on Europa, we have applied the solid-state green-
house models to the problem of the origin and energy sources of Triton's geyser-like
plumes. There are two classes of models that can provide the required driving
energy for Triton's plumes: the classical greenhouse and a variation called the
"super” greenhouse. The classical greenhouse model for Triton's plumes consists of
absorption of solar radiation in thick layers of relatively clear solid nitrogen on
Triton's surface. Calculations show that in a 100-meter-deep layer the subsurface
temperature can reach the melting point of nitrogen (63 K) within 15 meters of the
surface during the present extreme summer in Triton’'s southern mid-latitudes. The
overpressure at this point is sufficient that liquid and gas could easily wvent
through existing fractures in the solid overlayer. The second model called the
super greenhouse consists of a layer of solid nitrogen a few meters deep overlying a
dark absorbing layer. This layer absorbs solar radiation afetr it propagates
largely unattenuated through the overlying nitrogen layer, producing a large tem-
perature gradient. The gradient is enhanced by the remarkably low thermal conduc-
tivity of solid nitrogen and the resulting difference in equilibrium vapor pressure
between the top and bottom of the nitrogen layer is enough to cause explosive shed-
ding of the layer if it is more than 4 meters thick. More likely, though, the gases
would be vented more gradually through pre-existing fissures and fractures in the
ice overlayer. All these results are detailed in the paper by Brown et al. (1990).

Our next major piece of progress was the recognition that Triton’s internal
heatflow is probably a major contributor to its global energy balance. Internal
heatflow from radioactive decay in Triton's interior along with absorbed thermal
energy from Neptune total 5 to 20% of the insolation absorbed by Triton, thus
comprising a significant fraction of Triton's surface energy balance. These addi-
tional energy inputs can raise Triton's surface temperature between ~0.5 and 1.5 K
above that possible with absorbed sunlight alone, resulting in about a factor of
~1.5 to 2.5 increase in Triton’s basal atmospheric pressure. If Triton’'s internal
heatflow is concentrated in some areas, as is likely, local effects such as enhanced
sublimation with subsequent modification of albedo could be quite large. Further-
more, indications of recent global albedo change on Triton suggest that Triton’s
surface temperature and pressure may not now be in steady state, further suggesting
that atmospheric pressure on Triton was as much as 10 times higher in the recent
past. A paper detailing this work was submitted to Science and it is scheduled to
appear in the March 18, 1991 issue.

Our long-term objective is to understand and produce accurate models of the

solid-state greenhouse effect on icy satellites and, in so doing, to contribute to
the understanding of the thermal histories of icy satellites and their geological
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evolution. We intend also to investigate the surface and near-surface temperature
profiles predicted for icy satellites in order to gain a better understanding of the
evolution and present state of icy-satellite regoliths.

Work this coming year will be to produce a model of the internal heat flux and
temperature on Triton coupled with the surface volatile distribution. Initial cal-
culations show that layers of nitrogen ice that are several tens of meters to kilom-
eters thick can have a substantial effect on the internal heat distribution by vir-
tue of the factor 50-200 difference in the thermal conductivity of water ice and
nitrogen ice. This in turn will have consequences for the surface volatile distri-
bution and local sublimation rates, and thus may help explain some puzzling features
of Triton’s seasonal volatile transport and distribution.

A second area of investigation will be to measure the absorption coefficient of
solid nitrogen over the wavelength range 0.4-25 um and over the temperature range
10-60 K in the JPL Extraterrestrial Ice Facility. As a result we hope to determine
plausible propagation scale lengths for E-M radiation in nitrogen ice. The results
will be used to further refine our solid-state greenhouse models for Triton's plumes
as well as provide fundamental constraints on the average size of nitrogen crystals
on Triton.
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FLOW AND FRACTURE OF ICE AND ICE MIXTURES
W. B. Durham, UCLLNL, Livermore, CA 94550; and S. H. Kirby, USGS, Menlo Park, CA 94025;

Frozen volatiles make up an important volume fraction of the low-density moons of the outer solar
system. Understanding the tectonic history of the surfaces of these moons, as well as the evolution of their
interiors, requires knowledge of the mechanical strength of these icy materials under the appropriate plane-
tary conditions (temperature, hydrostatic pressure, strain rate). We are conducting ongoing laboratory
research to measure mechanical properties of several different ices under conditions that faithfully reproduce
conditions both at the moons’ surfaces (generally low temperature, to about 100 K, and low pressures) and
in the deep interiors (warmer temperatures, pressures to thousands of atmospheres). We report here recent
progress in two different phases of our work: rheology of ices in the NH;—H,O system at temperatures and
strain rates lower than we have ever before explored, with application to the ammonia-rich moons of Saturn
and Uranus; and the water ice I-II phase transformation, which not only applies directly to process deep in
the interiors of Ganymede and Callisto, but holds implications for deep terrestrial earthquakes as well.

Rheolo%of NH3-H,0 Ices to T=130 K. The NH, proportion of condensed volatiles on icy moons,
taken as a bulk average, may be as high as 0.15 of the H;O mass fraction (1). Natural refinement, espe-
cially through extraction of partial melts, can increase this fraction to that of the pure ammonia dihydrate
(NH;-2H,0) composition, about 0.29. We have carried out in the laboratory mechanical tests on samples of
ammonia-water mixtures in the compositional range 0 to 29 wt. % NH;, at temperatures from above the per-
itectic melting temperature (176 K) to as low as 130 K, at confining pressures of 50 and 100 MPa, and at
strain rates from 3.5 X 10~ to 3.5 x 1077 s™! (Fig. 1). Our ability to deform at strain rates of 3.5 x 10~ 5%,
and thus induce ductile flow at T<145 K without brittle failure, is the result of a recent hardware change
that improved our low strain rate limit by an order of magnitude.

The new results (Fig. 1a) confirm an effect suggested by the trend of earlier results (Fig. 1b): even
though ammonia dihydrate melts at 176 K, its strength is more temperature-sensitive than that of water ice,
so that below about 135 K it is slightly stronger than water ice. Not surprisingly, mixtures of water ice and
ammonia dihydrate are also stronger than water ice at these temperatures. This behavior has important
implications for icy moons in cooler parts of the solar system. Near-surface ductility seen on the smaller
moons of Saturn and Uranus will be more difficult to rationalize on the basis of ammonia-water. On the
other hand, the range of viscosities that can be reached with relatively small (40 K) temperature changes in
NH;-H,O mixtures may prove to be a convenience in explaining complex features on Triton.

Ice 111 and Deep Earthquakes. Our work on the inelastic deformation behavior of H,O ices has pro-
vided the first systematic exploration of the fracture and plastic flow under planetary conditions (pressures
up to 0.6 GPa and temperatures from 77 to 256 K (2)). In the course of carrying out this experimental pro-
gram, we discovered an unusual form of faulting that has relevance for deep (360-690 km) earthquakes
faulting on Earth and that may imply similar deep faulting on Ganymede and other large icy bodies in the
solar system. The faulting instability in ice has several unusual properties: faulting strength does not
increase with increasing pressure, a transition to ductile behavior does not occur with increasing confining
pressure, and faults form in the maximum shear stress orientation (45°) to compression. These events are
restricted to low temperatures and elevated pressures. Close thermodynamic parallels exist between the ice
transformation and those that occur in the ferromagnesian phases (olivine and the spinel structures) of the
earth’s upper mantle, and the transformation kinetics in both transformations are slow. Thus the faulting
instability can occur in the ice II stability field where ice I persists metastably at low temperatures and
elevated pressures, and the cold thermal structure of the descending lithospheric slab in some subduction
zones may be favorable for the faulting instability to develop in metastable olivine, as explained below.

There are two distinct manifestations of the transformation under nonhydrostatic stress (Fig. 2). The
first, which we call transformational faulting, is the unusual faulting we described above. Xray diffraction
reveals small amounts of ice II in such faulted samples, and we have suggested (4) that the large volumetric
strain and exothermic character of the ice I-II transformation are the destabilizing factors that cause the
faulting. The second manifestation is a bulk transformation that occurs at warmer temperatures (above
about 175 K) where ice II nucleates at a few points in our 30-cm>-volume sample and grows in a slow and
controlled manner.

Green and colleagues (5,6) have confirmed our hypothesis in observing transformational faulting in
olivine-spinel transformations in Mg,GeO, and in silicate olivine and have also identified a possible
mechanism by which transformational faults may be nucleated by the interactions of microinclusions of the
spinel phase. We recently have followed up on our earlier work on transformational faulting in ice (7),
refining the faulting strength data, confirming the fault nucleation hypothesis of Green, and pointing out the
importance of earlier work by Goto et al. (8) that the volume changes involved in phase transformations in
subducting lithosphere can also give rise to large regional deviatoric stresses that can stimulate transforma-
tional faulting.

We think deep earthquakes occur because the reconstructive phase transition olivine—spinel is kineti-
cally retarded for millions of years and hundreds of kilometers depth as a slab of cool lithosphere descends
into the mantle. When the transformation finally does occur, and we suggest it occurs progressively from

17




T.K

150 140 130
1 | |
a
“00 BE ,_ (a)
P = 50 MPa
<71
e=35x10 's
[\
o
= A
g & a
2 5 .ﬁ
% 100
g i
€ e
§ o)
O
= ©-~ pure H,0
o or b
- o 15 wt. '/.Nia
/ ¢ 29wl.%N~|3
30 v
7
5.2 5.6 6 6.4 6.8 7.2 7.6 8
1000/T,K
T (K) 180 170 160 150 140
; —_— | | L 1 —1 )
o 29wr‘/uN.H3 :
100 1 o 15 wi% NH, R IS
N e e X S
< [0 ISWORNK, e A
2 X .1 wi% NH S yd
. 3 > v /o V4
a : T >/
8 SRR TS SRR S SR o, //
[73
_ . // . S / I S
[ P o)
2 » / (a]
@ . R« SR S < . ¥ / B S S
Rt : /{ a :
10 b e e b b S —_— ,___V_N-|3+H20 §
R e iR or it P = 50 MPa
;. ; ESSSX .’0-65.-1 o
} i i i i
4.4 4.8 5.2 5.6 6 6.4 6.8 7.2
1000/T(K)

Figure 1. Flow of ices in the NH;-H,O system in the compositional range from pure H,O to ammonia dihZ6drat1e
(29 wt. % NH,3). (a) Latest results at an imposed strain rate of 3.5 x 10” s™!. (b) Earlier results at 3.5 x 107° s™".
The figures are offset so that the temperature axes align. Dashed lines in both figures are the latest flow laws for
ice I from Durham et al. ["The Rheology of Ice I: The Effect of Particulate impurities and Initial Grain Size,"
manuscript in preparation]. Up arrows in (a) indicate where brittle failure occurred before steady-state ductile flow.
The arrow on the horizontal axis in (b) marks the 176 K peritectic melting temperature above which partial melting
occurs and mechanical strength drops dramatically. Trends of the higher strain rate measurements (b) suggested
that the strength of ammonia dihydrate (diamonds) was approaching that of pure water, but experiments were not
feasible at T<143K because stresses exceed the breaking strength of ice. With the ability to deform at lower rates
we are able to measure ductile strength almost to 130 K. Strength of water ice and ammonia dihydrate clearly are
comparable at 130 K, but the results are confused by an unexpected shear instability in the ammonia samples and
by unusual strain-dependent effects in water ice (the two open circles near 135 K are clearly distinct).
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Figure 2. Phase diagram for ice and hydrostatic conditions of the experiments. When ice I is
pressurized into the ice II stability field, it does not transform to ice II at the equilibrium boun-
dary. Under hydrostatic conditions (solid boxes), the overpressurization required to cause the
transformation to initiate increases sharply as temperature decreases (dotted line). The bulk
transformation pressure can be lowered if a differential stress is superimposed on the hydrostatic
pressure (crosses). The differential stress required for bulk transformation at any temperature is
simply the difference between the actual pressure (crosses) and the hydrostatic limit (dotted
line); in other words, the criterion for transformation is a maximum normal stress. At lower
temperatures and pressures there seems to be a limit on the maximum differential stress that can
be applied, illustrated by the open boxes. Above a shear stress that is weakly temperature sensi-
tive (not shown: about 85 MPa at 77 K, descending to 53 MPa at 170 K) samples fail by
macroscopic faulting. The process involves transformation of small amounts of ice I to ice Ii;
hence it is termed transformational faulting, and may be an analog for deep earthquakes in the
earth. Such faulting may occur at depths of 40 - 200 km on the large icy moons.

the outer boundaries of the slab inwards as the slab slowly heats up, the negative volume change of the
transformation leaves the remaining wedge-shaped core of olivine in a state of slab-parallel compression (8).
Stresses eventually rise to the point where transformational faulting, the process we observe in ice in the
laboratory, occurs within the olivine wedge, and a deep earthquake is registered seismically.

This unified hypothesis of deep terrestrial earthquakes has implications for deep moonquakes on large,
tectonically active icy bodies such as an early Ganymede. A key requirement is that conditions of metasta-
bility be present for polymorphic transformations that are strongly exothermic and involve large volume
changes (e.g., ice I-II). Earth-style plate tectonics evidently did not occur on Ganymede, but planetary-
scale endogenic processes (mostly tensile) certainly did, and some of them could have driven blocks of ice I
below its equilibrium boundary. "Some downward motion of crust is implied by the extensive resurfacing of
Ganymede, for instance by blocks of silicate-laden ice I that have foundered or descended in graben forma-
tions. These conditions might also be met during cooling at constant depth and pressure.
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THE EFFECT OF VOLUME PHASE CHANGES, MASS TRANSPORT,
SUNLIGHT PENETRATION, AND DENSIFICATION ON THE THERMAL
REGIME OF ICY REGOLITHS.

F.P. Fanale, J.R. Salvail (Planetary Geosciences Div., School of Ocean &
Earth Sciences & Technology, Univ. of Hawaii, Honolulu, HI), D.L.
Matson, and R.H. Brown (Jet Propulsion Lab., Calif. Instit. Technology,
Pasadena, CA)

A thermal model has been developed which quantitatively
accounts for the effects of sublimation, condensation, and convection
throughout a volume of a porous ice crust subjected to solar
insolation. The effect of penetration of insolation into ice that is
translucent to visible radiation but opaque to infrared radiation is
also included. The governing energy differential equation, which also
satisfies conservation of mass and accounts for the possibility of
free molecular or continuum flow, is solved for various conditions
defined by a reasonable range of thermal conductivities, sunlight
absorption coefficients, and pore sizes. Quasi-steady-state
temperatures, HoO mass fluxes, and rates of change of mass density

for the ice are computed as functions of depth and time of day. We
find that, when the effects of latent heat and mass transport are
included in the model, the increase in the near surface temperature
(the boundary condition for crustal heat flow) brought about by the
"solid-state greenhouse" is greatly diminished. If the lowest thermal
conductivities reported for the surface of Europa (~100 erg/cm sec K)
are assumed to apply to the upper crust as well, the melting point
could be approached at very shallow depth. However, this is precluded
except as a transient and shallow phenomenon which could not affect
deep crustal temperatures because densification would raise the
thermal conductivity to > 1000 erg/cm sec K in the underlying
material in a geologically negligible period of time. If thermal
conductivities > 1000 erg/cm sec K are assumed, then the greenhouse
effect raises near-surface temperatures < 35 K, but the densification
is slow enough that deep crustal temperatures would be augmented,
allowing for melting at a depth of 7 - 19 km, depending on
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assumptions concerning tidal dissipation. Thus, when the effects of
latent heat, mass transport, and densification are all taken into
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can be shown to be compatible both with morphological evidence for
significant crustal strength and with evidence for decoupling of the

icy shell from the lithosphere.
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THE ROLE QF NONUNIFORM INTERNAL HEATING IN TRITON’S
ENERGY BUDGET; R. L. KiRk AND R. H. BROWN*, U.S. Geological Survey, Flagstaff, AZ 86001,

tIet Propulsion Laboratory, Pasadena, CA 91109

Introduction Triton’s large heliocentric distance and high albedo, combined with its
unusually large silicate mass fraction, make internal heating more important in its energy
budget than in that of any other icy satellite. Brown et al. [1] have recently estimated
that the average radiogenic heat flux Fy (which is probably between 3.3 and 6.6 mW m~2
depending on core size and composition) may equal 5% to 20% of the average absorbed
insolation. On a global scale, this additional energy input appreciably increases the thermal
emissivity required to be consistent with the observed surface temperature [2]. Brown et
al. [1] also speculated that spatial variations of the internal heat flux may change the local
sublimation-deposition balance enough to lead to observable modifications of the distribution
of volatiles on Triton’s surface. In this abstract we attempt to estimate the magnitude
of internal heat-flux variations due to the insulating effect of the polar caps, to mantle
convection, and to cryovolcanism; we evaluate the importance of these variations in modifying
the volatile distribution.

Thermal Structure Our model of the thermal and convective structure of Triton’s
shallow interior, required for the calculations presented below, is as follows. We assume
Triton is fully differentiated. We use the parameterized convection model applied by Kirk
and Stevenson [3] to Ganymede, but we specify the heat flux (3.3 or 6.6 mWm~2 [1]) and
solve for the temperature at the base of the ice layer, rather than the reverse. Our calculation
includes the strong temperature dependence of the thermal conductivity of ice [4]. We find
that the temperature at the base of the thermal lithosphere is between 170 and 200K,
depending on the estimate of ice viscosity used. The corresponding depth is roughly 300 or
150 km, depending on the heat flux. The total thickness of the ice %ayer is probably close to
350 km, with the result that the layer is stable against convection for Fy = 3.3 mW m~2 and
a melting-point viscosity 7, > 2 x 1014 Pas.

Insulating Polar Caps The thermal conductivity of solid N; [5] is several hundred
times less than that of HyO ice [4] at the surface temperature of Triton; a polar cap of
modest thickness may therefore be able to significantly modify the latitudinal distribution of
heat flow. We have constructed a simple analytic model to test this effect, assuming linear
conduction in a spherical shell, constant temperature on the inner boundary (the top of the
convecting zone), and a mixed boundary condition on the outside representing the effects
of the insulating cap. For simplicity, we chose a cap thickness varying as sin®(latitude),
making solution for the temperature field as a sum of Legendre polynomials relatively
straightforward. We find that for a N, layer 1km deep at the poles, the equatorial heat
flux is enhanced by 20% and 35% for the lower and upper limits on heat flux, respectively
(Fig. 1). The corresponding flux decreases at the pole are roughly twice as large, leading to
equator-to-pole flux ratios of 2: 1 and 4 : 1 in the two cases. The temperature beneath the
cap is elevated by roughly 9K at the pole.

Effect on Frost Stability Models of the current energy balance on Triton (excluding
internal heat but including latitudinal variation of albedo) predict the deposition of frost
northward of 15° latitude [6]; the time-dependent model of Spencer [7] predicts that seasonal
frost de}l))osits currently extend even farther south. Can we account for the absence of
obvious bright frost deposits in Triton’s northern hemisphere by including the concentration
of internal heat towa,rci) the equator in the energy balance? The answer would appear to be
no. We have performed a stability analysis similar to that of Stansberry et al. [6], comparing
the diurnally averaged insolation absorbed by a patch with albedo Aj,..; = 0.6, appropriate
to the northern hemisphere, with the global average absorption for A = 0.8. Adding the
spatially varying internal heat flux calculated above for Fy = 6.6 mW m~2 shifts the current
latitude of equilibrium by only 025. The shifts for A = 0.9 [1] orFp = 3.3mW m~2? are even
smaller. For Aj,..; = A (cf. [7]), the northward shift is larger, but still less than 295.

Somewhat less can be said with certainty about the effect of internal heat on the
long-term stability of the polar caps. The seasonally averaged insolation varies much less
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strongly with latitude than the current diurnally averaged insolation, and proportionately
larger shifts of the latitude of stability would therefore be expected. Unfortunately, the
redistributed internal heat flux for our model cap shape passes through its global mean value
almost precigely at the latitude of where seagonally averaged sublimation and deposition
balance on a global frost layer. This coincidence, which limits the calculated latitude shift
to less than 0°1, would not occur if more general cap shapes were used in the heatflow
model or if an unfrosted equatorial zone were excluded from the energy budget. In any
event, the internal heat flux at the center of the polar caps is always reduced relative to that
at their edges and beyond. This redistribution of heat would thus act to hasten—perhaps
significantly—the retreat of the permanent caps toward the poles predicted as a consequence
of the gradient in insolation [7].

Mantle Convection We turn now to processes capable of producing more localized
enhancements of heat flux and thus perhaps able to modify the pattern of frost deposition.
One candidate is mantle convection: upward heat flux at the top ot the mantle is concentrated
over zones of upwelling. We can estimate the extent to which variations in the flux will be
attenuated across the lithosphere by a conductive model with fixed temperature on the
outside of a spherical shell and with flux varying as a spherical harmonic on the interior.
The attenuation factor is approximately 4(R./R)~(+?), where R and R,, are the radii of the

lanet and the top of the mantle, respectively, and ! is the degree of the spherical harmonic.

he lowest degree, hence least attenuated, spherical harmonic component of the mantle heat
flux will have [ equal to the number of convective-cell pairs that fit around the circumference
of the planet (for roll convection; for equant convection cells, ! will be roughly twice as large,
leading to much greater attenuation). Using the results of the parameterized convection
calculation above, we have, for Fy = 6.6 mWm~2, R,,/R ~ 0.89, | ~ 15, and an attenuation
factor of roughly 4. The attenuated flux is sufficient to shift the latitude of frost equilibrium
by +2° if the amplitude of the flux variation at the mantle is equal to the mean flux. These
results are extremely sensitive to the magnitude of Fp; decreasing it to 3.3mW m~2 both
decreases R,,/R and increases [, resulting in attenuation factors of 103-104.

Cryovolcanism The evidence in Voyager images for multiple styles of cryovolcanic
eruption on Triton [8] raises the prospect that heat released by cryomagmas may locally
contribute to the sublimation of surface frosts. Unlike the mechanisms discussed above
migration of “hot” material toward or to the surface could result in heat fluxes that exceed
the global average by a large factor. On the other hand, this enhancement would be transient
and hence might not be observed at a given time. We discuss the possible effects of two very
different types of cryovolcanic activity.

Fitting the results of viscous spreading models [9] to the measured dimensions of the
linear ridges common in Triton’s cantaloupe terrain (and extending into the south polar
cap) indicates that the erupted material could be subsolidus N; or CH4 or, more plausibly,
ammonia-water slush or glass. Independently of the assumed composition, a ‘conduit width
on the order of 400 m may be inferred from the flow models and the thickness of the ridges.
We have therefore modeled the thermal effect of a dike of this width and initial temperature
equal to the NH3-H,;0 eutectic value of 173K, intruded into a half-space at 38 K. In this
linear-conduction model we have used the conductivity of H;0 ice at 38 K; the results are
only moderately sensitive to this assumption. We find that the vertical heat flux is enhanced
by 3.3mW m~2 or more in a zone extending some 17km on either side of the dike. We
speculate that the narrow swath apparently cleared through the polar cap by a linear ridge
at latitude 10°-15° S, longitude 345°-0° may result in part from lll)ea,ting y the surface flow
and its conduit. (The widening of the cleared area to the northeast conceivably results from
the sensitivity of the cap to very small energy inputs near its edge as defined by insolation,
although other effects such as topographic slopes may be involved). The critical problem
with this suggestion is the low probability of observing a ridge soon enough after its eruption
that the heatflow is still enhanced. In our model, the peak %eat flux is reached at the edges
of the 34-km-wide zone defined above 7 x 10* years after emplacement of the dike. No impact
craters superimposed on the ridges were detected by Voyager, but a crater-density age on
the order of a few hundred million years has been estimated for the Tritonian maria [8,10].
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If the tens of linear ridges observed were erupted over a similar time span, the probability
of observing one within 105 years of its formation is only of the order of 1%. This difficulty
might be overcome if openings in the permanent polar cap, once created, are able to persist
because of the lower albedo of the exposed substrate. Additional, numerical modeling would
in any case be of interest to determine how the result of our idealized model is modified by
heat released from the surface flow, which is comparable in width to the zone defined above,
and how sensitive the retreating polar-cap edge is to small energy inputs.
We have also considered the effects of warm-ice diapirism on the surface heat flux.
We have not attempted to construct a consistent model of the chemistry of the diapirs
and the buoyancy forces driving them; this is in fact problematic because of the similar
densities of ammonia-water liquids and their coexisting solid phases [11]. Instead, we have
modeled the ascent of diapirs with a “generic” buoyancy Ap/p = 0.1 and a temperature of
173K, which is both the NH3-H,O eutectic temperature and the approximate temperature
at the base of the lithosphere. Qur results are very weakly dependent on the choice of these
arameters. Because of the high ice viscosities and steep viscosity gradient in Triton’s cold
ﬁthosphere, diapiric ascent proceeds not by Stokes-like flow, but by “thermal lubrication
flow” [12], using its own heat to soften a thin layer of the ice around it. We have adapted
the diapiric-ascent model of Kirk and Stevenson [3], incorporating this physics to Tritonian
conditions. The model does not account for cooling of the diapir, so we stop the ascent after
one thermal-diffusion time based on diapir radius. We find that the diapir typically ascends
1.0-1.5 of its radii before stopping (Fig. 2). Using a one-dimensional conduction model
to calculate the enhanced heatflow above the center of the diapir, we find that a diapir
with a radius of 70km is required to double the ambient heat flux if Fp = 6.6 mW m=2,
while a 100-km-radius diapir 1s needed to double our smaller heat flux. The corresponding
thermal-diffusion times are 50 and 100 million years. Observation of the thermally active
phase is thus much more probable than was the case for the linear ridges. We suggest that
the three diffuse, roughly circular, low-albedo features at latitude 5° S, longitudes 25°-50°
on Triton [8] may be the result of modification of the surface frost by diapiric activity. The
features are roughly 50 km in radius, and at least two of them are clearly associated with
mare-type cryovolcanism.
References Cited [1] Brown, R. H., et al, submitted to Science. [2] Tyler, G. L., et al. (1989) Science, 246,
1454-1458; Broadfoot, et al. (1989) Science, 246, 1459-1465. (3] Kirk, R. L., and D. J. Stevenson (1987) Icarus, [4] Hobbs, P. V.
(1974) Ice Physics, Clarendon Press, 357-361. [5] Scott, T. A. (1976) Phys. Rep., 27, 85-157. [6] Stansberry, J. A., et al.
(1990) Geophys. Res. Lett., 17, 1773-1776. [7] Spencer, J. R. (1990) Geophys. Res. Lett., 17, 1769-1772. (8] Smith, et al.

(1989), Science, 246,, 1422-1449. [9] Kirk, R. L. (1990), Lunar Planet. Sci., XXI, 631-632. [10] Strom, R. G., et al. (1990)
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PHYSICAL PROPERTIES OF CRYOVOLCANIC BRINES: APPLICATIONS TO THE EVOLUTION OF
GANYMEDE; J.S. Kargel, Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721

Introduction. Carbonaceous chondrites contain abundant veins of water-soluble salts, including
carbonates and hydrated sulfates of Mg, Ca, Na, Ni, and Fe. These constitute over one-fourth of the mass of the
meteorite Orgueil. Magnesium sulfate is the most abundanc salt, constituting nearly half the mass of all salt
components combined (anhydrous), and 73% of the highly water-soluble salts [1]. The common assumption that
icy satellites and asteroids contain rock compositionally similar to carbonaceous chondrites suggests that salts may
be important in the cryoigneous evolution of icy satellites and asteroids. Ordinary chondrites, an alternative rock
component of icy satellites, lack abundant salts, although their anhydrous silicate assemblages are unstable with
respect to water and would react to produce salts upon initial melting of ice. In any case salts would ultimately
be involved in any melting and differentiation processes.

Here, I review some basic physicochemical properties of likely cryovolcanic brines and consider how the
existence of soluble salts in Ganymede might affect its structure and evolution. Ganymede is selected for
applications since it is very likely composed of relatively "simple” mixtures of water ice and rock (thus, ammonia
may not be important in its evolution), because Ganymede displays photogeologic evidence consistent with brine
volcanism, and since the Galileo mission will soon allow observational tests of the concepts presented here. These
models are based on data appropriate to low pressures, and thus are not strictly valid for Ganymede, but should
suffice to illustrate the importance of salts in icy satellite evolution, and the necessity of exploring the properties
of salt-water systems at high pressures. Initial results of high-pressure experiments in the magnesium sulfate-
water system are presented in another abstract [2].

Physicochemical properties of brines. The dominance of MgSO, in chondrite salts is a sufficient basis
(but not the sole objective rationale) for concentrating attention on the magnesium sulfate-water system in this
brief report. This system has a eutectic near 17% MgSO, (by mass) and -3.9° C [2]. The eutectic liquid coexists
with water ice and MgSO,.12H,0. The addition of other major salt components somewhat complicates matters,
but MgSO, remains the most important solute in chondrite-equilibrated brines under most circumstances.

Figures 1 and 2 show the density and viscosity, respectively, of the MgSO,-H,O eutectic liquid in the
context of data for other volcanically important liquids and solids; for consistency and simplicity, these data all
represent the crystal-free state at the liquidus. Real lavas commonly are erupted with ten percent or more
crystals, which would have a small effect on lava density but a large effect on viscosity. Thus, Figure 2
qualitatively indicates the relative differences in the lava viscosities, and quantitatively provides minimum viscosity
estimates at eruption. The MgSO,-H,0 eutectic is about six times more viscous than pure water. However, as
shown in Figure 3, even the gravity-scaled rheology of magnesium sulfate eutectic would be "runnier” on
Ganymede than the least viscous silicate lavas on Earth (komatiite). Thus, aqueous brines on Ganymede would
produce sub-meter flow thicknesses except where ponded. This is at least consistent with the lack of observed
flow edges in Voyager images (but image resolutions would require flow thicknesses of 50 meters or more to be
resolved, thus allowing substances substantially more viscous than magnesium sulfate-water).

Models of a sulfate-rich Ganymede. Consider as a special case Ganymede Model #1 whose rocky
component very closely resembles C1 chondrites, and the ice fraction is solely water ice. Like C1 chondrites,
Model #1 has 38% of its S in the form of magnesium sulfate. It is trivial to calculate the total quantity of ice,
salt, and rock ("rock” now refers to involatile minerals minus highly soluble salt), based on the specific gravity
of Ganymede (1.93), of pressure-averaged ice (1.25), and of carbonaceous chondrite rock (2.6), and the chondritic
abundance of S (6%). In this special case the H,0:MgSO, ratio is equal to the eutectic composition (17 wt.%
MgSO,). Complete melting and melt extraction of the ice-salt eutectic fraction would leave the rocky interior
barren of both ice and sulfate and would produce a crust about 600 km thick composed of about equal weight
fractions of ice and MgSO,.12H,0. Since the eutectic liquid is denser than the frozen ice-salt eutectic mixture,
early brine volcanism would have given way to later intrusive activity. If differentiation was early enough the
eutectic-composition crust could become heavily cratered during later stages of heavy bombardment.

Consider in Model #2 a Ganymede where the fraction of oxidized S is greater than 38%. Complete
melting and melt extraction of the eutectic fraction would leave residual amounts of sulfate in the rocky core.
Residual sulfate would melt incongruently in a series of stages (consult Fig. 1 of [2]). Each liquid would be denser
than the eutectic-composition crust and would be unable to contribute to late-stage volcanism. On the other hand,
in Model #3 the fraction of oxidized § is less than 38%, and excess water ice would exist in the rocky core after
eutectic melting; melting of water ice in the core would produce more-or-less pure liquid water, which is
substantially less dense than the frozen eutectic crust, and may result in late-stage water volcanism.

Conclusions. Observations indicate late-stage (post-heavy bombardment and post-tectonic) volcanism
on Ganymede; on this basis Model #3 is preferred. The highly fluid character of Ganymedian volcanism is
consistent with extrusions of either water or salt-water brines. Callisto, however, may have had more than 38%
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of its S as sulfate, offering an explanation for the absence of late-stage volcanism there. The occurrence of
abundant clemental S on Io suggests that the jovian system may exhibit a radial increase in oxidation, possibly
related to mixing between the jovian and solar nebulae, or related to chemical processing in the deep, warmest
portions of the jovian nebula. In any case, if magnesium sulfate is an important constituent of certain icy satellites
it certainly would have been important in their geological evolution. The occurrence of sulfates in the observable
surfaces of these satellites might be detected by Galileo. However, the harsh radiation environment in the jovian
system may have caused the decomposition of sulfates and the production of refractory substances such as MgO.

CRYOVOLCANIC BRINES;: J.S. Kargel

References. [1] Fredriksson, K. and J.F. Kerridge, 1988, Meteoritics 23, 35-44. [2] Hogenboom, D.L.,

1.S. Kargel, J.P. Ganasan, and J.S. Lewis, 1991, (ABSTRACT), this volume.
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THE MAGNESIUM SULFATE-WATER SYSTEM AT PRESSURES TO 4 KILOBARS; D.L
Hogenboom', J.S. Kargel’, J.P. Ganasan', and J.S. Lewis’; 1: Dept. of Physics, Lafayette College,
Easton, PA 18042; 2: Dept. Planetary Sciences, Univ. Arizona, Tucson, AZ 85721

Introduction. Hydrated magnesium sulfate constitutes up to one-sixth of the mass of carbonaceous chondrites, and
probably is important in many icy asteroids and icy satellites. It occurs naturally in meteorites mostly as epsomite (the
heptahydrate). MgSO,, considered anhydrously, comprises nearly three-fourths of the highly soluble fraction of C1 chondrites
[1). Thus, MgSO, is probably an important solute in cryovolcanic brines erupted on certain icy objects in the outer solar system
[2]. While the physicochemical propertics of the water-magnesium sulfate system are well known at low pressures,
planetological applications of these data are hindered by a dearth of useful published data at elevated pressures [but see 3].
Accordingly, we recently explored solid-liquid phase equilibria in this chemical system at pressures extending to about four
kilobars.

Experimental. Except for improved insulation of the pressure vessel which reduced the rate of cooling and warming
of the sample, the apparatus used was the same as described previously [4). The 2.6 ml sample in the pressure vessel was
pressurized by additional sample through small bore tubing extending from the cold bath to the pressure system. Mercury
separated the sample (rom the pump fluid. Changes in sample volume produced corresponding changes in transducer voltage
as a magnet {loating on the mercury changed position.

Results. Figure 1 illustrates phase equilibria in the MgSO,-H,O system at 1 atm. A eutectic occurs near 17% MgsSO,
(by mass) where ice and magnesium sulfate dodecahydrate (MgSOi.12H,O) melt or freeze together at -3.9° C under
cquilibrium condilions. Table I gives approximate low-pressure densities of relevant phases and phase assemblages 55].
Polynomial fits were determined giving the density of 17 and 15.3 wt.% MgSO, solution as functions of temperature, T (in "C)
at constant pressure, and pressure, P (in bars) at constant temperature. At approximately 50 bars, the lowest pressure
investigated, the density of the 17% liquid is given (in g cm'7) by the equation:

/2 = 1.19046 - (0.253577 x 10°°T) - (0.542964 x 10°° T') 1)

Equation (1) is valid between +5°C and -15°C, and has a maximum deviation of 0.00006 g cm™* over this range (we do
not claim such good accuracy, which is on the order of 0.001 g cm™). The density of this 17% solution at 30°C is given as a
function of pressure by:

/2= 117863 + (0.334949 x 10 P) - (0.167615 x 10°* P?) )

Equation (2) is valid between 0 and 4000 bars, with a maximum deviation of 0.00082 g cm™. The density of 15.3%
solution, at about 50 bars, is given by equation (3), valid from 24°C to -16°C.

A= 1.16985 - (0.250479 x 10°* T) - (0.253886 x 10°° T?) 3)

The maximum deviation of data from equation (3) is 0.00009 g cm™.

The density of 15.3% solution at 30°C is given by equation (4), valid from 0 to 3950 bars.

P= 115756 + (0.339366 x 10°* P) - (0.179658 x 10°* P?) 4)

The maximum deviation from equation (4) is 0.0007 bars.

These data are consistent with published data [6,7] suitably extrapolated.

Figure 2 is a 2 kilobar run for 153 wi.% MgSO, The y-axis gives the measurcd voltage. The change in voltage is
proportional to change in sample volumc. The sample supercooled about 12K before crystallizing. The solution froze to a less
dense assemblage (apparently ice 1 + MgSO,.12H,0) as scen by the increase in voltage (volume). The solid sample then
locked up, thus preventing a volume change as indicated by the constant voltage as the sample cooled. Freezing was also
accompanicd by a 2 K temperature rise of the sample and bomb as heat was released during crystallization. The sample must
have overpressurized during lock-up. The slow release of overpressurization is indicated as the sample slowly warmed through
the subsolidus region and gradually expanded. At about 2435 K the sample melted completely at the stable eutectic. The
eutectic point was closely bracketed by two reversals, as shown by the thermal loops. The direct descent of the eutectic melting
trajectory to the liquid cooling/warming curve indicates the absence of a liquidus solid phase above the eutectic temperature,
further indicating that at 2000 bars the eutectic shifts to about 15.3% MgSO,. This inference is supported by runs at 2000 bars
and 17% MgSO, where excess magnesium sulfate melts on the liquidus above the eutectic temperature.

Figure 3 gives results for a run at 3460 bars, 17% MgSO,. Crystallization was preceded by 18 K of supercooling; at
this pressure the sample formed a denser assemblage of ice II + MgSO,.12H,0; the sample, as usual, locked after freezing,
A temperature loop during the eulcctic transition, requiring 4 hours to complete, bracketed the eutectic temperature at 3460
bars between 248.0 and 249.5 K, and confirmed that a dense solid liguidus phase (magnesium sulfate hydrate) melted at
temperatures above the eutectic. Therefore, the eutectic composition at 3460 bars is still on the water-rich side of 17% MgSO,.

The eutectic pressure-melting curve is shown in Figure 4. As expected for systems lacking significant solid solution,
composition does not affect the eutectic temperature as long as the same solid assemblage is involved. The eutectic temperature
at 50 bars, the lowest pressure we investigated, is consistent with the eutectic at 1-atm shown in Figure 1. The data below 2060
bars form a single smooth curve, strongly indicating no solid-state phase changes in MgSO,.12H,0 (and water ice) between
pressurcs of 1 atm and 2060 bars. The melting curve has a slope break above 2060 bars, consistent with the ice I- ice 1I
transition near this pressure. Another slope break is required near 3500 bars, consistent with the ice II - ice V transition. The
rclative magnitude of the volume changes at the sutectic melting transition are consistent with these various assemblages.

The data do not conclusively indicate whether or not MgSO,.12H,0 undergoes a solid-state phase change at pressures
between 2 and 4 kilobars. Figure 4 implicitly assumes no such transition. A discrepant datum (with respect to Fig. 4) was
obtained at 3 kilobars, where the melting transition occurred about 3.5 K higher than expected based on replicated data near
2 and 3.5 kilobars. This result is not understood since all the runs, including that at 3 kilobars, appeared to be good ones.
Perhaps the pressure interval between 2 and 3.5 kilobars is more complex than assumed, conceivably involving a phase change
in solid magnesium sulfate hydrate. .

27



MAGNESIUM SULFATE-WATER SYSTEM: Hogenboom et al.

Conclusions. The system H,0-MgSO, in the region of the cutectic exhibits qualitatively constant behavior between
pressures of 1 atm and 2 kilobars. The eutectic melting curve closcly follows that for water ice, with a freezing point depression
of about 4 K at 1 atm decreasing to around 3.3 K at 2 kilobars. The eutectic shifts from 17% MgSO, at 1 atm to about 153%
MgSO, at 2 kilobars. Above 2 kilobars the eutectic melting curve again tends to follow that of ice, including changes in slope
at pressures consistent with ice transitions, although the freezing point depression relative to the pure ice melting curve
increases to 6 K at 4 kilobars.
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Properties of Planetary Fluids at High Pressures and
Temperatures.
W. J. Neliis, N. C. Holmes, and A. C. Mitchell, Lawrence Livermore National
Laboratory, University of California, Livermore CA.

Observational data obtained by the Voyager space probes to the giant
planets Jupiter, Saturn, Uranus, and Neptune have provided valuable
information, which is used to refine our picture of the nature of the
interiors of these planets. Major results from the Voyager missions
include observations of substantial magnetic fields and improved models
of internal density distributions. Our goal is to obtain equation-of-state
(EOS) and electrical conductivity data for planetary gases (H2 and He) and
the "ices” (H20, CH4, and NH3, and their mixtures), which are considered to
be the major constituents of the giant planets. These data are needed to
test theoretical databases used to construct models of the chemical
composition of planetary interiors, models which are consistent with
observables such as mass, diameter, gravitational moments, rotation rate
and magnetic field. The 100 GPa (1 Mbar) pressures and several 1000 K
temperatures in the giant planets can be achieved in the laboratory by the
shock compression of liquid specimens.

Jupiter and Saturn are thought to be composed primarily of hydrogen
and helium.1 Figure 1 shows their calculated planetary isentropes.2
Figure 1 also illustrates the relevance of laboratory shock-compression
experiments to the giant planets. The single-shock compression curve or
Hugoniot of liquid hydrogen intersects the planetary isentropes near 20
GPa and 3000 to 4000 K. Even higher pressures and densities in the
laboratory are achieved by reflecting a first shock in liquid hydrogen off a
metal anvil, thereby causing a second shock wave. The second-shock
states, or the double-shock Hugoniot in Fig. 1, achieve states close to the
planetary isentropes at still higher pressures and temperatures.

Uranus and Neptune are thought to consist of an outer layer
primarily of hydrogen and helium and an inner layer rich in the planetary
"ices." Density distributions have been calculated for Uranus!.3.4 from the
gravitational movements derived from the observed precessions of its
elliptical rings, and from its mass, radius, and rotational rate. Some
models show a dense "rocky" core, although the sensitivity of the external
gravitational field is weak to the relatively small mass at such great
depth. The Ha-rich envelope is at radii greater than about 0.75 Ry, where
Ry is the outer radius of Uranus. The region at radii less than about 0.75
Ry is the ice-rich region. The magnetic fields of these planets are
produced by dynamos generated by the convection of high-temperature
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conducting fluids in the outer ~30% of the planetary radii.>5 Pressures
extend up toward the 100 GPa range and several 1000 K in these regions.

We measured previously single- and double-shock EOS data for
"synthetic Uranus,” an H-rich liquid with an H:O composition ratio of 3.5:1
and abundance ratios close to cosmological for O:C(7:4) and O:N(7:1).6 ltis
a solution of water, ammonia, and isopropanol (C3HgO) with mole
fractions of 0.71, 0.14, and 0.15, respectively. Our four double-shock
points are in the range 98 - 220 GPa. The maximum density achieved is 3
g/cm3, which probes a depth of about 0.5 Ry. The region for radii >0.5 Ry
is the region probed most sensitively by gravitational moments. Our
double-shock EOS points are in good agreement with the planetary
isentrope.! This agreement suggests that the outer core of Uranus might
be composed primarily of the ices. However, chemical compositions
cannot be derived uniquely from laboratory data alone. In the last year we
performed a double-shock temperature measurement of synthetic Uranus
of 4000 K at about 100 GPa. This measurement is important because
theoretical temperatures of "ice" are relatively uncertain.

We recently measured four electrical conductivity data points of
shocked liquid hydrogen. These data are important for understanding the
magnetic fields of all the giant planets. In particular, a scaling
relationship for the conductivty is needed at relevant densities and
temperatures for dynamo or kinematic calculations of planetary magnetic
fields. These data also provide a measure of the narrowing of the
electronic bandgap of molecular Hz with density as it approaches
metallization, a subject of fundamental scientific interest. Our
experiments are in the ranges 10-20 GPa, 3000-5000 K, and volumes near
8 cm3/mol. Although our conductivity experiments are not yet complete,
preliminary analysis indicates that the electrical conductivity ¢ scales as

o = 6o exp(-Eg/kT), (1)

where Eg is the bandgap and T is shock temperature. We used calculated
values of shock temperatures.? Our preliminary bandgap is in agreement
with recent theoretical predictions8.9 at the molar volume of our
experiments. The gap we observe is substantially higher than previous
theoretical predictions.10 The pre-exponential factor oo is also
substantially larger than predicted.S

Our measurement of the bandgap of hydrogen is the first direct one
at high pressures, to our knowledge. This measurement is made possible
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by shock heating, which thermally activates electronic charge carriers
and induces electrical conductivity. Because of the large bandgap
compared to thermal energy, negligible internal energy is absorbed in
electronic excitation and the equation of state of molecular hydrogen is
unaffected by electronic excitation at the conditions of the experiments.
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FLUID DYNAMICS OF MULTIPHASE FLOW IN VOLCANIC ENVIRONMENTS ON THE
EARTH, IO, AND OTHER PLANETS

Susan Wemer Kieffer, Department of Geology, Arizona State University, Tempe, AZ
85287-1404

During this year, we have been compiling data on H720, COj, S, and SO» and
analyzing it by various techniques to prepare phase diagrams relevant to
conditions on the Earth, Io, Mars, and other planets. At the same time, I have been
developing a collaboration with Greg Valentine and Ken Wohletz at Los Alamos
National Laboratory using their Cray models for volcanic eruptions. We are trying
to develop the equations-of-state of the compounds listed above to be compatible
with the Cray code so that they can be called as subroutines for the volcanic
models. This is a major project, as the current code uses only the equation-of-state
for a perfect gas, and requires that the atmosphere be the same composition as the
volcanic .gas. The analysis of the thermodynamic data is time-consuming, and has
been complicated by Kieffer's move to ASU and changes from a VAX/VMS system to
Macintosh's, Crays using CTSS (the original LANL language), Crays using Unicos
(at ASU), and Sun work stations. It is anticipated that the work will be finished and
distributed in 1991,
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CHAPTER 2

STRUCTURE AND TECTONICS

34

PRECEDING PAGE BLANK NOT FiLMED



N92-10741

TECTONIC EVOLUTION OF LAVINIA PLANITIA, VENUS. Steven W.
Squyres, Cornell University, Sharon L. Frank, Brown University, George E. McGill, University of
Massachusetts, Sean C. Solomon, Massachusetts Institute of Technology
lution radar images from the Magellan spacecraft have revealed the first details of
the morphology of the Lavinia Planitia region of Venus. Lavinia is a broad lowland over 2000 km
across, centered at about 45° S latitude, 345° E longitude. The geology of Lavinia is discussed in
detail in another abstract in this volume [1]. In this abstract, we discuss the tectonic evolution of
Lavinia, and its possible relationship to processes operating in the planet’s interior. Our discussion
is restricted to the area observed in Magellan image mosaic C1-MIDR.455350, which covers the
region from 37.3 to 52.6° S latitude and from about 340 to 0° E longitude.

One of the most interesting characteristics of Lavinia is that the entire region possesses a
regional tectonic framework of striking regularity. This framework is exhibited by a variety of
the region’s structural features, but is shown most clearly by the small ridges and grooves that
are common on the volcanic plains separating the major belts of deformation. Across most of
Lavinia, intersecting patterns of small sinuous ridges and long narrow grooves are common. The
ridges are interpreted as compressional features, and the grooves as extensional. In nearly all cases
where they occur together, the ridges lie orthogonal to the grooves, indicating a lithospheric stress
pattern in which the most compressive stress was perpendicular to the axes of the ridges, and the
least compressive stress was parallel to them. Considering the thin lithosphere that is expected on
Venus, the regularity of this regional tectonic framework across such broad arcas is remarkable. In
the western part of the region, the inferred orientation of the most compressive stress is NW-SE to
WNW-ESE. In the central and northeastern portions, it transitions gradually to I:-W, and in the
east-central portion to ENE-WSW. Only in the southeastern portion of the region is the inferred
stress pattern significantly less regular. The origin of the stresses responsible for this regional
pattern is not known, but similar patterns are seen on the plains in a number of other regions of
the planet [2].

Lavinia Planitia is also transected by a complex pattern of belts of intense tectonic defor-
mation [1,2], known as ridge belts. They are broad, curvilinear features that can exceed 100 km
in width and 1000 km in length. Topographically, they consistently lie higher than the plains that
bound them, with typical elevations above the plains of several hundred meters. This clear topo-
graphic expression suggests that the belts are the consequence of crustal shortening and thickening
across the belt.

Despite the gross topographic similarity of all of the ridge belts in Lavinia, they exhibit
two rather distinct styles of near-surface deformation [2]. Both are described in more detail in
[1]. One type is composed of sets of broad, arch-like ridges rising above the surrounding plains.
They are typically sinuous, and they tend to bifurcate and merge along strike, producing a complex
anastomosing pattern. Both their morphology and their orientation parallel to the axes of the helts
within which they lie lead us to conclude that they are folds. Some of the ridges are asymmetric
and/or possess narrow, rugged, sinuous secondary ridges along their crests, giving an appearance
very similar to that of lunar mare or “wrinkle” ridges. These characteristics may indicate that
formation of some of the ridges also involves thrust faulting.

In the other type of belt, on the other hand, obvious fold-like ridges are rarc to absent in the
radar images. Instead, the dominant structural features observed are linear to arcuate faults and
fractures, some paired closely to form narrow graben. In some such belts, a larger scale of fault
spacing is also evident. Faults in these belts are concentrated into bands of intense deformation that
are separated by bands of little or no apparent deformation. The typical spacing between individual
deformed bands is 20-30 km, consistent with deformation of the entire thickness of a strong upper
crustal layer (3]. Detailed correlation of radar images with Magellan altimetry shows that, within
such belts, the areas of most intense fracturing are also the areas that are most elevated. This
characteristic, the morphology of the faulting, and the small widths of the observed graben lead
us to conclude that much of the deformation in the ridge belts of this sort involves flexure and
extensional failure of a thin, brittle surface layer across the crests of uplifts that are caused by
crustal shortening and thickening.

Both types of ridge belts show evidence for small amounts of shear distributed across the
belts [2]. In the ones dominated by faulting, this is most clearly shown by instances where graben
bend sharply to produce rhombohedrally-shaped downdropped blocks. In the ones dominated by
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folding, the best evidence for distributed shear comes from deflection of older tectonic lineaments
as they cross the belts.

Formation of all the belts was not contemporaneous. Lava sheets on the plains serve as
stratigraphic markers in Lavinia, and lavas are present that partially or largely bury old belts and
that are in turn deformed by the formation of later ones. Belt formation apparently took place
over a significant period, with volcanism occurring intermittently throughout that period.

If both types of belts are the consequence of crustal shortening, why are there two such
distinct styles of near-surface deformation? The answer appears to be related to the orientation of
each belt with respect to Lavinia’s regional tectonic framework. With very few exceptions, the belts
that lie perpendicular to the regional axis of lithospheric compression are dominated by folding, and
those that lie perpendicular to the regional extensional axis are dominated by faulting. Even more
telling are the characteristics of belts that change substantially in orientation along their length.
In these belts, where the belt axis changes from perpendicular to the most compressive lithospheric
stress direction to parallel to it, there is a clear change in the structural character of the belt from
domination by folds to domination by faults.

Despite the regularity of the regional tectonic framework across the Lavinia region, the belts
within it display a full range of orientations, apparently unrelated to this framework. It is only
the, character of the near-surface deformation in the belts that appears to be influenced by the
framework, not the orientations of the belts themselves. The process responsible for ridge belt
formation seems, then, to be largely independent of whatever produced the regional stress pattern.
Similar behavior is seen in many coronae on Venus, where fracturing in a corona’s annulus is stronly
influenced by a regional lithospheric stress pattern that appears to be independent of the process
responsible for the corona’s formation [4].

What is responsible for the crustal shortening and thickening involved in ridge belt formation,
and for the concentration of this thickening into curvilinear belts? Several possibilities exist. It
has been suggested that deformation with characteristic spacings of 10-30 km on Venus is a result
of compressional instability in a strong, near-surface crustal layer, and that deformation spaced
hundreds of km apart may reflect a similar instability in a strong layer in the upper mantle {3]. In
this case, the ridge belts themselves may reflect deformation controlled by the strength properties of
the upper mantle, while the observed faulting and folding in each belt would reflect the response of
the upper crust. The independence of belt orientations from the regional tectonic framework would
be attributed to a mechanical decoupling of the strong upper crust from the strong upper mantle.
A possible difficulty with this hypothesis is that the spacings and orientations of Lavinia’s belts are
far from regular. Another possibility is that relatively small-scale mantle convection cells exert an
influence on belt formation. Sheet-like convective downwellings may be common in the venusian
mantle, and one would expect belt-shaped crustal thickening and uplift to take place above a linear
convergence of flow. In this case, individual belts might have formed by crustal thickening above
such downwellings, with the upper crust deforming in response to both the thickening and the
regional stress pattern. Activity in the downwellings for which evidence is preserved is unlikely to
have been concurrent, consistent with the inferred spread in belt ages. Again, the orientation of the
belts would be independent of the regional tectonic framework. The difficulty with this hypothesis
is that most mantle convection models for Venus predict that the scale of convection cells should be
substantially larger than several hundred km. However, our emerging understanding of coronae on
Venus suggests that convective upwellings with dimensions far smaller than those predicted by the
same models are very common [5]. In fact, the convective scales inferred to be involved in corona
formation are effectively the same as those that would be required for ridge belts.

There are other regions on Venus where ridge belts are common. As the Magellan mapping
mission continues, examination of these regions should shed further light on the process of ridge
belt formation and on its relationship to processes in Venus’ interior. Expanded coverage will also
allow mapping on a global scale of the as-yet poorly understood regional tectonic framework seen
in areas like Lavinia.
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MORPHOLOGY AND EVOLUTION OF CORONAE AND OVOIDS ON
VENTUS. Steven W. Squyres, Cornell University, Duane L. Bindschadler, UCLA, Daniel M. Janes,
Cornell University, Gerald Schubert, UCLA, Virgil L. Sharpton, Lunar and Planetary Institute,
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Coronae and ovoids on Venus were first identified in Venera 15/16 data [1]. They are
distinctive and apparently unique to the planet, and may be important indicators of processes
operating in the venusian mantle. Magellan images have provided the first high-resolution views
of corona and ovoid morphology. In this abstract, we describe the general geologic character
of coronae and ovoids, and draw some inferences about their geologic evolution. In two related
abstracts in this volume we discuss models of corona and ovoid formation [2], and attempt to relate
the characteristics of the features to mantle processes [3].

For consistency with previous work, the following working definitions are adopted here for
coronae and ovoids. Coronae are circular to elongate features surrounded by an annulus of de-
formational features, with a relatively raised or indistinct topographic signature and, commonly,
a peripheral trough or “moat”. Ovoids are circular to elongate features other than coronae with
either positive or negative topographic signatures, associated with tectonic deformation and vol-
canism. Coronae are thus rather specifically-defined features, whereas ovoids encompass a wider
range of morphology. Typical diameters of both classes of features are a few hundred km.

Magellan altimetry data have provided considerable new information on the gross topo-
graphic character of coronae. (The reader should be warned that our sample of these features
to date is both geographically incomplete and biased toward features with clear topographic sig-
natures.) The outermost topographic feature of many coronae is the moat: a broad trough that
partially or completely encircles the corona. Typical moat widths are 50-100 km, and typical depths
are a few hundred m. Incomplete, discontinuous moats are more common than complete ones in
the coronae observed to date. Interior to the moat is an annular ridge, again typically 50-100
km wide, but generally with greater relief than is shown by the moat. Discontinuous annuli are
also observed, but they are less common than discontinuous moats in our sample. There is wide
variability in the elevation of corona interiors. Some rise a kilometer or more above the level of
the surrounding plains, while others actually lie a few hundred meters lower than the plains. Most
coronae are quasi-circular, but a few have been found that are markedly elongate or irregular in
shape. A few instances of overlapping coronae have also been observed.

Corona moats are usually sites of deposition of young lavas. Where the source of these lavas
can be identified, it is commonly not in the moat itself, but in the corona interior. Many corona
interiors are sites of substantial extrusion of very fluid lavas, and in some cases these lavas spill
over the annulus or through gaps in it, and pool in the low-lying moats. In the few instances where
moats do not appear to be flooded, they still are generally characterized by less intense faulting
and fracturing than much of the rest of the corona, particularly the annulus.

Corona annuli are sites of intense tectonic deformation. The most common manifestations
of this deformation are radar-bright fractures and grooves. Most of the grooves are very narrow,
and appear to be graben. The overall appearance is one of extensional failure of a thin brittle
surface layer that has been stretched across a topographic rise. Most corona annuli display a set
of concentric fractures, concentrated on the crest and/or flanks of the annular ridge. Some also
display a second set of fractures that is related to a regional tectonic framework that appears to
be independent of the corona itself. Some regions of Venus exhibit such a framework, with a clear
preferred orientation for extensional fracturing that is consistent over large areas [4,5]. In such
regions, corona annuli can exhibit fracturing that is aligned with this regional trend, independent
of the local orientation of the trend with respect to the annulus.

Corona interiors commonly are sites of substantial volcanic activity [6]. Evidence for this
activity takes a variety of forms, including small calderas and other collapse features, lava channels,
and small volcanic cones and domes. Most significant, however, is voluminous flooding of the corona
interior by low-viscosity lavas. In many coronae this flooding has obscured any evidence of former
tectonic features that might have been present. In a few instances, however, remnants of older
materials still protrude through the central lavas; some of these surfaces still display older tectonic
features. In most such instances, the older fracturing is radial. Fracturing subsequent to flooding
is also observed, and commonly aligns with a regional tectonic framework if one is present.

A variety of other circular volcanotectonic features is observed on Venus. We refer to these
collectively as ovoids, although their histories and even origins may not all be similar. Of the ovoids
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observed by Magellan to date, there are two primary topographic types. One is a simple dome.
Several of these have been found, with heights above the surrounding plains that can exceed 1 km.
The domes are broad and gently sloping, with no annular ridge and at most a very subdued partial
moat. Examples include Pandora* (42.5° S lat, 6° E lon) and Baltis* (9° N lat, 348.5° E lon). The
other type is a simple, nearly circular topographic depression, with no discernable bounding ridge.
Examples include Damkina* (7° S lat, 13° E lon) and Amaterasu* (8.5° N lat, 12° E lon). Typical
depths of these are 500 m, with relatively steep walls and flat floors.

The tectonic features associated with these two types of ovoids are as different as is their
topopgraphy. The domical ovoids are characterized in most cases by a well-developed radial fracture
pattern. Again, this fracturing is clearly extensional, with well-developed grabens commonly visible.
Some concentric fracturing may also be observed, though it is generally less well-developed than
is the radial fracturing. The ovoids that are depressions, on the other hand, are characterized
primarily by concentric extensional fractures. These fractures are found both on the lip and the
wall of the depression, but are less common on the floor. As is the case for coronae, fracturing of
all sorts in ovoids can be enhanced where it is aligned with a preferred direction for extensional
failure in the surrounding terrain.

Based on the coronae and ovoids that have been observed so far, it is possible to draw
some inferences about the sequence of events involved in their formation. In the broad sense, this
sequence is similar to that inferred from pre-Magellan data [7,8]. We believe that it is an important
observation that dome-shaped ovoids have pronounced radial fracturing, and that some coronae
also show evidence for intense radial fracturing in their interiors, now largely buried under younger
lavas. In addition, coronae and domical ovoids have similar shapes, similar sizes, and commonly
occur in close geographic association [2]. These observations lead us to infer a genetic relationship
between the two; we believe a domical ovoid to be the first stage in formation of a corona. During
this stage, the lithosphere is uplifted and intensively fractured in a dominantly radial pattern. We
believe that the domical ovoids we observe are coronae either actively in the process of forming or
whose formation was somehow arrested in this early stage.

Several events follow the initial central uplift phase as a corona continues its development.
One clearly is volcanism. Looking at the coronae observed to date as an ensemble, there does not
seem to be distinct epoch of volcanism during development of most coronae. Instead, volcanism
seems to occur intermittently, and in some cases voluminously, throughout much of a corona’s
history. At one extreme, some domical ovoids are already partially buried by volcanics originating
within the dome. At the other, many coronae that have completely lost their central uplift have
young, unfractured lavas ponded in their lowest-lying areas.

Following the initial uplift and occurring concurrently with the volcanism, the topographic
history of a corona seems to be characterized by subsidence of the central dome, uplift of the
annulus, and subsidence of the moat. As these motions take place the lithosphere undergoes
flexure and failure, sometimes influenced both by the flexure itself and by an independent regional
structural framework. Through careful study of crosscutting relationships, it may be possible for us
to discern a relative timing of these uplift and subsidence events, but initial examination indicates
that determining the sequence, if there indeed is one, will not be straightforward.

We are uncertain of the relationship of the ovoids that are pure depressions to coronae. It
may be that they are another possible endpoint of corona evolution, but we cannot exclude the
possibility that they are a different genetic class of features entirely, more akin to calderas.

Coronae and ovoids are known to be present over much of the rest of Venus, and we anticipate
finding many more of them as the Magellan mapping mission continues. With the complete diversity
of corona and ovoid forms determined, we hope to understand more fully the genetic sequence of
these features, and to relate this sequence to processes operating in the venusian interior.
References
(1] Barsukov, V.L., et al., J. Geophys. Res. 91, D378, 1986. [2] Bindschadler, D.L., et al., LPSC
XXII, 105, 1991. (3] Stofan, E.R., et al., LPSC XXII, 1335, 1991. [4] Solomon, S.C., et al., Science,
in press. [5] Squyres, S.W., et al., this volume. [6] Head, J.W., et al., Science, in press. [7] Pronin,
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*All names for features used in this abstract are provisional, and have not yet been approved by
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HOT-SPOT TECTONICS OF EISTLA REGIO, VENUS: RESULTS FROM
MAGELLAN IMAGES AND PIONEER VENUS GRAVITY
Robert E. Grimm and Roger J. Phillips, Dept. of Geological Sciences, Southern Methodist
University, Dallas, TX 75275.

Introduction. Eistla Regio is a broad, low, discontinuous topographic rise striking roughly
EW at low northem latitudes of Venus. Some 2000x7000 km in dimension, it is the third largest
rise in planform on Venus after Aphrodite Terra and Beta-Phoebe Regiones. These rises are the
key physiographic elements in a hot-spot model of global tectonics [1] including transient plume
behavior [2]. Since Eistla Regio is the first such rise viewed by Magellan and the latitude is very
favorable for Pioneer Venus gravity studies, we attempt to test some of the predictions of a time-
dependent hot-spot model here. We define western Eistla Regio as the rise including Gula and
Sif Mons and central Eistla Regio as that including Sappho Patera. Superior conjunction
prevented Magellan from returning data on eastern Eistla Regio (Pavlova) during the first
mapping cycle.

The largest tectonic feature viewed by Magellan in westemn
Eistla Regio is a 700-km long anastomosing set of radar-bright lineaments extending SE from
Gula Mons. The strike of individual elements varies from NW to N; indeed, some strike N and
are arrayed en echelon to the NW. This region appears to be a rift zone, as many of the
lineaments are troughs and most lie within a larger linear depression flanked by local highs.
This depression can be traced 400 km further along the saddle joining western and central Eistla,
where it joins with N- and NW-striking troughs. The rift zone is truncated by flows on the
lower flank of Gula Mons; after a short switch to a northeasterly strike along the volcano's
summit, graben-like lineaments continue northwesterly from Gula Mons. Two parasitic domes
(coronae?) along this trend further suggest that it is a locus of extension, mantle upwelling, and
partial melting. Regional tectonic fabrics are less evident at Sif Mons, but again a NW-trending
band of troughs, often en echelon, extends from the NW for several hundred km although the
pronounced topographic trough is absent. NW-striking lincaments also appear to the SE of
Sappho Patera, but their regional importance is yet unresolved due to the small imaged area
available. In summary, the regional tectonic fabric of central and western Eistla Regio is
dominated by NW-striking rift zones, approximately centered on the axis of the rise, which both
cut and are buried by volcanic edifices.

Impact Crater Dengity. Within the 3.4x100 km of western Eistla Regio above the mean
planetary radius, Magellan images show 5 probable impact craters (Class 1), 2 possible impact
structures (Class 2), and 2 additional circular features of unknown origin (Class 3). The areal
density of impact craters for this region is then 1.5/106km2 for Class 1 alone and 2.1/106km2
for Classes 1 and 2 together. The latter value is consistent with the mean density of

1.940.2/106km? for Classes 1 and 2 over the first 15% of the planet surveyed by Magellan.
The surface age of western Eistla Regio does not appear to be significantly different from the
mean age of the surface as a whole. Two of the nine potential impact craters on the rise actually
lie on the volcanic constructs, approximately the expected number for the area of these edifices.
One, a doublet of 5-km diameter structures at 20N, 350E, is doubtful, but the other, a crater 20
km in diameter at 20N, 355E (provisional name De Lalande) is a strong impact candidate. Since
there are not enough craters for reliable statistics within the region, impact crater density alone
cannot distinguish between the alternative hypotheses: (1) the edifices are younger than the rise,
or (2) the rise and the edifices are contemporaneous. By contrast, no impact craters are visible in
a 5x106 km? area around Sappho Patera; since it is highly unlikely that this would occur by
chance, central Eistla Regio is distinctly younger than than the planetary mean.
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Gravity. A linearized inversion procedure [3] was used to produce a map of vertical gravity
at 300-km altitude from Pioneer Venus line-of-sight accelerations over the area 10S-40N, 30W-
30E. The apparent depth of isostatic compensation (ADC), derived from the correlation between
gravity and topography, is 19030 km over the entire region. However, significant variations
are present within this area: the ADC is 200+20 km at westem Eistla (15-30N, 15W-5E), but
falls to 110420 km over central Eistla (5-20N,10-25E). The ADC of central Eistla Regio is only
slightly larger than those of western Aphrodite Terra, whereas the ADC of western Eistla Regio
is more comparable to those of Atla and Bell Regiones.

Discussion. The presence of NW-oriented rift zones all along the topographic axis of west-
central Eistla Regio indicates some crustal stretching in a NE-SW direction, either due to active
mantle uplift or passive extension perpendicular to the principal axis of the rise. The crater-free
surface of central Eistla Regio is consistent with the terminal stages of transient plume ascent [2],
wherein the lithosphere is penetrated by a plume head and massive flood volcanism occurs [4].
Intermediate (~ 100 km) ADCs are associated with this stage. Larger ADCs such as those of
western Eistla Regio are held to be associated with deep plumes that have uplifted the surface,
perhaps with some advance volcanism, but without widespread resurfacing. These conditions
would be satisfied if Sif and Gula Mons are younger than the rise as a whole (hypothesis 1). If,
however, the volcanic edifices are as old as the rise (hypothesis 2), then the mantle plume must
be long-lived rather than transient, although not much volcanism has been produced in recent
geologic time. In this latter scenario, central Eistla is experiencing the effects of extensive partial
melting in a transient plume head while western Eistla has entered a steady-state (plume tail)
phase [6]. These same considerations should apply to Beta Regio, which has an impact crater
density similar to westemn Eistla Regio [5], alarge ADC, and contemporaneous linear rift zones
and volcanic edifices.

Conclusion. The western and central portions of Eistla Regio, while part of the same broad
topographic rise and tectonic framework, have distinctly different surface ages and gravity
signatures. The westem rise, including Gula and Sif Mons, is the expression of deep-seated
uplift with volcanism limited to the individual large shields. The eastern portion, including
Sappho Patera, has been widely resurfaced more recently by shallower thermal anomalies in the
mantle.

References. [1] R.J. Phillips and M.C. Malin, in Venus, (eds. D.M. Hunten et al.), Univ.
Ariz., 159, 1983; [2] Herrick and Phillips, GRL, 17, 2129,1990; [3] Grimm and Phillips, JGR,
in press, 1991; [4] R. White and D. McKenzie, JGR, 94, 7685, 1989; [5] D.B. Campbell et al.,
Science, 246, 373, 1989; [6] M.A. Richards et al., Science, 246, 103, 1989.
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GRAVITATIONAL SPREADING OF DANU, FREYJA AND MAXWELL
MONTES, VENUS.
Suzanne E. Smrekar and Sean C. Solomon, Department of Earth, Atmospheric, and Planetary
Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139.

Introduction. The potential energy of elevated terrain tends to drive the collapse of the
topography. This process of gravitational spreading is likely to be more important on Venus
than on Earth because the higher surface temperature weakens the crust!. The highest
topography on Venus occurs in Ishtar Terra. The high plateau of Lakshmi Planum has an
average elevation of 3 km above mean planetary radius, and is surrounded by mountain belts.
Freyja, Danu, and Maxwell Montes rise, on average, an additional 3, 0.5, and 5 km above the
plateau, respectively. Recent high-resolution Magellan radar images of this area, east of
~330°E, reveal widespread evidence for gravity spreading2. This paper describes observational
evidence for gravity spreading and discusses the implications in terms of simple mechanical
models.

On Earth, gravitational potential energy is known to drive extensional normal faulting near
the crest of high topography, where the vertical stress is greater than the horizontal stress, and
thrust faulting on the flanks, where the horizontal normal stress exceeds the vertical normal
stress3: 4. Strike-slip faulting occurs when additional regional stresses interact with
gravitational stresses. Gravity can also be an important force for reducing topograghic slope
through the formation of detachments3, which result in normal faulting at the surface®.

Models. Several simple models predict that gravity spreading should be an important
process on Venus. Most of the potential energy of crustally compensated mountains is a result
of the mantle pushing on the root*. However, given an apparent depth of compensation of 130
km at Ishtar Terra’, Airy isostasy is unlikely to be the dominant compensation mechanism. An
estimate of the deviatoric stress resulting from the topographic relief alone, without a crustal
root, is simply pgh/2, where p is density, g is gravitational acceleration, and h is height!.
Using p = 3000 kg/m?, g = 8.87 m/s?, this equation gives 13 MPa/km of relief. For average
elevations of 3.5, 6, and 8 km for Danu, Freyja, and Maxwell Montes, this gives respectively
50, 80, and 100 MPa. If some component of crustal compensation is present, actual stresses
due to gravitational potential will be greater. Whatever the degree of crustal compensation, it is
clear that gravity produces considerable tectonic stress in these mountain ranges.

The formation of ductile detachments is predicted for surface slopes such as those found in
these mountains. Smrekar and Phillips> developed a model for detachment in a viscous layer
inclined at an angle, using a diabase flow law for the crust. As the model is highly dependent
on temperature, both higher thermal gradients and thicker crustal layers, which are hotter at the
base, produce greater rates of deformation. The rate of deformation also increases with surface
slope. Even for a modest surface slope of 1°, a diabase crust 20 km thick with a thermal
gradient of 15 K/km will flow at a rate of 10 mm/year. Locally, surface slopes in the
mountains are much greater. The western flank of Maxwell Montes has a slope of ~30°; a
slope of ~20° is found along Vesta Rupes. For a slope of 30°, a deformation rate of 10
mm/year is expected for a thermal gradient of 5 K/km, given a crustal thickness of only 10 km.
These results predict that detachments are very likely in the mountains.

Observations. Danu Montes has the least relief of the mountain ranges. The highest

topography in Danu Montes is centered near 59°N, 336°E. A large graben-like structure (10 x
50 km) occurs parallel to the crest in this region, suggesting that extension occurred along
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preexisting weaknesses resulting from the formation of the range. The southwestern end of
this graben is cross-cut by faults with the same NE-SW trend that is defined by the folds and
thrusts that make up the mountains. The implication is that the extension occurred while
regional compressional stresses were still active. Several long (~100 km) normal faults strike
approximately parallel to the trend of Vesta Rupes. It is possible that these faults are the
surface expressions of thrust faults, as the toes of thrust faults are frequently cut by normal
faults. Although conclusive evidence in the form of the vergence of these faults is impossible
to obtain, faults parallelling topographic strike are expected on the flanks of extending
mountains. Numerous narrow (~1 km) graben, with lengths of tens of kilometers and a
spacing of 0.5-2 km, parallel the large NW-SE trending faults, providing further evidence of
extension. These narrow, closely spaced faults may represent the surface expression of
deformation above a detachment.

Freyja Montes appears to have undergone intense deformation, as evidenced by high
roughness and complex tectonic patterns. The north slope of Freyja Montes between 330°E
and 335°E is cut by numerous graben with widths of 1-3 km and spacings of 3-10 km. These
graben trend NW-SE to N-S; however their truncation at long lineations and their curved
patterns suggest that they have been shortened and probably sheared. As at Danu Montes, we
interpret these small-scale graben to indicate detachment at depth, and the deformation of the
graben to mean that extension occurred while regional compression was still active.

NW-SE trending graben are also found on the southern front of Freyja Montes, but are less
numerous and larger, up to 5 km across, and more widely spaced. This set continues tens of
kilometers onto the plains of Lakshmi Planum, where the spacing is ~5 km and the width is ~1
km. A large (~100 x 150 km) dome-like structure occurs on the eastern flank of Freyja
Montes, which in addition to displaying the same NW-SE trending graben set, is dissected by a
N-S to NE-SW graben set with an irregular spacing of 1-10 km and widths of 1-2 km. This
set appears to be older than the NW-SE set. We interpret these graben sets as normal faulting
above a detachment. On the eastern side of the dome, the blocks that form where the two
graben sets intersect are absent, possibly because they spread downslope. Compressional
features farther downslope support this interpretation. A similar pattern occurs on the SW
flank of the dome, also suggesting that material has moved downslope. This feature may be
analogous to terrestrial metamorphic core complexes.

Maxwell Montes contain the highest topography and steepest regional slopes observed to
date on Venus. Several pairs of long, nearly linear faults occur between Cleopatra crater and
the crest of Maxwell Montes. These features are 10-20 km wide and ~100 km long. The slight
undulations in these faults may indicate that they were originally straight normal faults that have
been subsequently deformed. Alternatively, they may be compressional ridges that happen to
be paired. Given the remarkably steep slopes (up to 30°) found on the western front of
Maxwell Montes, the observed lineations are most easily interpreted as thrust faults. These
features are consistent with gravitational spreading but do not provide conclusive evidence.

Two additional, perpendicular sets of graben occur on the southern slope of Maxwell
Montes. One set is perpendicular to topographic strike and has a spacing of 5-10 km and
widths of 2-5 km. The other set is parallel to topographic strike and curves with the border of
the southern flank of Maxwell Montes, giving the two sets a radial and concentric pattern. The
concentric graben have widths of ~5 km and a spacing of ~5 km. This set of graben is cut by
the radial set. Similar, narrow graben sets also occur on the northern flank of Maxwell
Montes. The set perpendicular to topographic strike also appears to be the youngest in this
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faulting above a detachment, the perpendicular set is difficult to explain.

Discussion. One difficulty in using remote observations to infer interior properties is that
the observed features may not have formed in response to stresses which are still active.
However, the observation that gravity spreading has apparently occurred in some areas but not
others suggests there is a difference between regions that have very high surface slope but do
not appear to have not spread, and those which have already spread. The implication is that the
thermal gradients are relatively low in the high-slope regions that lack evidence for spreading.
Among possible explanations are that regions that have spread simply had higher heat flow, or
that regions of steep slopes which have not spread may represent stacks of recently emplaced
and relatively cold thrust sheets that have not reached thermal equilibrium. We favor the latter
interpretation for the western slope of Maxwell Montes. There is evidence for volcanism at
Danu Montes, favoring high heat flux, but not in the vicinity of the graben sets at Freyja and
Maxwell Montes. A further implication is that these mountains probably do not have large
crustal roots as they would then have to be able to resist a much greater amount of
gravitationally induced stress.

References. 1J. Weertman (1979). Phgs. Earth Planet. Inter., 19, 197-207. 2S.C. Solomon
et al. (1991). Science, 252, in press. °B.C. Burchfiel and L.H. Royden (1985). Geology,
13, 679-682. 4P. Molnar and H. Lyon-Caen (1988). Geol. Soc. Am., Spec. Paper 218,
179-207. 3S.E. Smrekar and R.J. Phillips (1988). Geophys. Res. Lett., 15, 693-696.
6B.C. Burchfiel et al. (1989). Geology, 17, 748-752. 'R.E. Grimm and R.J. Phillips
(1990). Geophys. Res. Lett., 17, 1349-1352.
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INTERPRETATION OF THE NORTHERN BOUNDARY OF ISHTAR TERRA
FROM MAGELLAN IMAGES AND ALTIMETRY
S. Mueller, R.E. Grimm, and R.J. Phillips, Dept. of Geological Sciences, Southem Methodist
University, Dallas, TX 75275.

Introduction. Part of the controversy on the origin of western Ishtar Terra concerns the
nature of Uorsar Rupes, the northern boundary of Ishtar Terra. In the hypothesis of
lithospheric convergence and underthrusting [1], Uorsar Rupes is held to be the main
boundary thrust fault at the toe of an accretionary wedge. A topographic rise parallel to the
scarp was interpreted as a flexural bulge similar to those of terrestrial subduction zones, and
quantitative models of this feature seemed broadly consistent with the expected lithospheric
structure of Venus [2]. In the alternative mantle-upwelling hypothesis for western Ishtar Terra
[3], the outer margins of the highland are thought to be collapsing [4], and Uorsar Rupes has
been interpreted as a normal fault [5]. Here we interpret Magellan images and altimetry for
this region and reassess the hypothesis that a flexural signature can be distinguished.

Geologic Description. Uorsar Rupes rises over 2 km within the width of a single footprint
of the Magellan altimeter (~ 20 km). The scarp is generally radar-dark and dissected by fine
crenulations. At the foot of the scarp there is a group of narrow ridges (srg, Fig. 1). The top
of the scarp is a complexly deformed radar-bright unit, previously termed "ridge-and-dome”
[1] (rd). A sharp break in this unit occurs at 337E and is suggestive of right-lateral offset.
The scarp itself takes a more gentle bend just east of here and an S-shaped ridge separates the
scarp crest from an isolated rd unit at lower elevation; the planform strongly suggests that this
block has detached from the scarp. The belt of basal ridges widens in the vicinity of 345E and
some show broad asymmetric arches and a tight crenulation on one side, very similar to mare
ridges. Plains adjacent to the basal ridge group are generally dark and featureless (pd),
although a bright embayed unit (pb) grows in prominence toward the east and mottled plains
(pm) also appear. The dark plains are very low to the west (the "foredeep”) and the northern
boundary of this basin (the "outer rise") is marked on its inner slope at 78.5-79N by a unit of
intermediate radar backscatter showing east-west lineations (rlg). This unit continues even
where the rise is no longer evident to the east (Fig. 2). Numerous dissected and embayed
units occur throughout the study area, usually as radar-bright blocks of narrowly spaced
grooves (gt). The units at 79N, 335E are abruptly truncated to the south by dark plains along
an E-W line; this boundary corresponds to a drop of 300 m along orbit 520. To the north of
the rise crest, the topography slopes down linearly and the number and size of western gt units
decreases.

Altimetric Interpretation. We consider three models for the topography north of Uorsar
Rupes: (1) the entire trend represents an "outer rise complex," (2) some component is flexural,
but superimposed upon a more dominant trend (thermal, compositional, or structural), and (3)
there is no geophysically significant flexure. In (1), topographic variations between 84 N and
the boundary scarp imply a forebulge amplitude > 0.5 km and an outer rise wavelength of at
least 500 km. Although the trench depth in orbit 510 is only about 500 m (small by terrestrial
standards), the forebulge amplitude is comparable to maximum values observed on Earth and
the wavelength significantly exceeds any terrestrial analog [6,7]). Therefore if a flexural
response to loading at the scarp is apparent in the data it must be partially obscured as in (2).
Following projection of the profiles normal to the scarp, we attempt to remove non-flexural
trends by subtracting a least-squares line from the entire profile fit only to that portion between
400 and 800 km from the scarp (Fig. 3). Orbits 550 and 560 lack even a trench, whereas
orbits 500 and 520 show abrupt variations. Orbit 510 so processed exhibits a distinct, gentle
topographic high adjacent to the trench and so represents the best profile upon which to attempt
flexural modelling. Fig. 4 shows a series of elastic flexural profiles superimposed on orbit
510; these solutions assume zero bending moment at the trench [2,7], zero in-plane force, and
a range of elastic plate thicknesses from 5 to 25 km. Clearly the scale of topographic




variations far exceeds flexural behavior. Calculations for non-zero in-plane forces yield

similar results.

Discussion. Although we find no evidence for flexure in Magellan altimetry, this
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flexure could be masked by the topographic signatures of a variety of geologic units or else
extensive faulting may not allow integral plate behavior. The scarp ridge group could be the
compressional deformation where subduction is imminent and the rise lineament group, which
bears some resemblance to ridge belts, may represent a new locus of crustal shortening.
Altematively, the altimetry and images may also be interpreted under the hypothesis
that the northern boundary of Ishtar Terra is undergoing extensive normal faulting, disruption,
and gradual burial. The detached rd unit at 77N,340E may be the most immediate
manifestation of this process: Uorsar Rupes is the present boundary fault of Ishtar Terra,
analogous to the westem boundary of the Sierra Nevada. The adjacent ridges are simply the
local result of edifice stresses due to the sharp relief. An earlier boundary may be recorded in
the rise lineament group, where the intervening basin has down-dropped and pre-existing
structures (eastern gt units) buried by plains. The scarp at 79N,333E is most likely a steep
normal fault, and the westem gt units are being gradually buried as the topography slopes

gently down to the north.

Conclusion. Magellan images of the northemn boundary of Ishtar Terra show evidence of
crustal shortening adjacent to Uorsar Rupes, but extension and burial dominate northwards.
Altimetric profiles display the same long-wavelength trends visible in Venera data [2], but no
clear evidence of lithospheric flexure. We favor a model of regional extension and burial, but

regional compression cannot be ruled out.

References. [1] J.W. Head, Geology, 18, 99, 1990; [2] S.C. Solomon and J.W. Head, GRL, 17, 1393,
1990; [3] A.A. Pronin, Geotectonics, 20, 271, 1986; [4] A.T. Basilevsky, Geotectonics, 20, 282, 1986; (5]
AM. Nikishin, EMP, in press, 1991. [6] D.L. Turcotte and G. Schubert, Geodynamics, J. Wiley & Sons,

1982. [7]) D.C. McAdoo et. al., GJRAS, 54, 11, 1978.

Fig. 1. Geologic sketch map of Uorsar
Rupes (hachured) and surroundings; units
described in text except tu, undivided tessera.
Altimetry ground tracks shown as dashed
lines.

Fig. 2. Altimetric profiles, ending at
Uorsar Rupes. Orbit 500 referenced to mean
planetary radius, others offset by 500 m each
for clarity.

Fig. 3. Altimetric profiles processed by
projecting normal to scarp and removing linear
trend

M Elastic flexural profiles
superimposed on processed version of orbit
510, plate thicknesses 5-25 km.
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HORIZONTAL STRESS IN PLANETARY LITHOSPHERES FROM VERTICAL
PROCESSES

W. B. Banerdt, Jet Propulsion Laboratory, California Institute of Technology, Pasadena,
CA 91109

Introduction. Understanding the state of stress in a lithosphere is of fundamental
importance for planetary geophysics. It is intimately linked to the processes which form
and modify tectonic features on the surface and reflects the behavior of the planet's interior,
providing a valuable constraint for the difficult problem of determining interior structure
and processes. On the Earth, most of the stress in the lithosphere can be related to lateral
tectonics associated with plate dynamics; however, the tectonics on many extra-terrestrial
bodies (such as the Moon, Mars, and most of the outer—planet satellites) appears to be
primarily vertical in nature, and the horizontal stresses induced by vertical motions and
loads are expected to dominate the deformation of their lithospheres [e.g., 1-5]. We are
concerned here only with changes in the state of stress induced by processes such as
sedimentary and volcanic deposition, erosional denudation, and changes in the thermal
gradient that induce uplift or subsidence. This analysis is important both for evaluating
stresses for specific regions in which the vertical stress history can be estimated, as well as
for applying the proper loading conditions to global stress models. It is also of interest for
providing a reference state of stress for interpreting stress measurements in the crust of the
Earth (e.g., [6]). Most of the previous work on this subject has been directed toward the
latter problem.

All references to "lithosphere" in this abstract should be understood to refer to the
elastic lithosphere, that layer which deforms elastically or brittlely when subjected to
stresses on geological time scales. :

iti A great deal of confusion exists in the literature about the
effects of vertical changes in the lithosphere on its horizontal state of stress (Op). Much of
this confusion can be traced to an uncertainty in the type of lateral boundary condition
applied to the lithospheric column. Generally, a lateral constraint condition has been
assumed [e.g., 7-9] in which the horizontal displacement is assumed to vanish due to the
"resistance” of the surrounding rock. In that case changes in the vertical stress results in an
additional horizontal stress due to a combination of (a) lateral stress accommodation
("Poisson stress™), (b) isostatic subsidence or uplift on a sphere, and (c) thermal re—
equilibration, resulting in a horizontal stress given bg 9]

O = pcgAh —1— ‘v+ +-0E dI' ¢))

1-v pm8R  pcg dz

where v is Poisson's ratio, Ak is the thickness of crustal material of density p. added, g is
the acceleration of gravity, pm is the density of the material beneath the crust, E is Young's
modulus, R is the radius of the planet, a is the linear coefficient of thermal expansion, and
dT/dz is the thermal gradient.

McGearr [10] pointed out fundamental logical inconsistencies in the lateral constraint
assumption, and argued on both theoretical and observational grounds that this situation is
"thoroughly improbable". In its place, he advocated a fixed stress boundary condition, in
which the state of stress in the region outside the area involved in the vertical changes is
unaffected. No quantitative justification for this assumption was presented by McGarr
[10], but its intuitive appeal can be confirmed in the following way: Consider the
lithosphere to be an elastic plate overlying an inviscid substrate. Let the edges be fixed at a
distance X from the region undergoing vertical deformation (i.c., lateral constraint at a
distance). If the vertical processes result in a horizontal displacement Ax at one end of the
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plate, the resulting strain in the plate will be Ax/X and the change in the horizontal stress
will be proportional to that strain. It is obvious that if X is sufficiently large, then the
change in stress outside the ioaded region wiil essentiaiiy vanish for any induced finite
horizontal displacement.

In order to calculate stresses in the loaded region, McGarr [10] required that
horizontal forces balance and solved for the resulting stresses. This is analogous to a
horizontal version of an isostatic calculation [11]. He further assumed that: (a) changes in
the overburden thickness are equivalent to changes in the elastic lithosphere thickness; (b)
changes in the temperature of the lithosphere affect the lithosphere thickness through
thermal expansion alone; and (c) thermal erosion and underplating of the lithosphere can be
modelled as thickness changes alone, independent of other thermal effects. His result can
be written:

- H+dh 2H aAT(1 +2a4T)
o= pogah (—-H_[—Ab . _adT Y, Pc|”" 2 Ak @
2Ah\H+ AR 1+ aAT! Pm|H+ Ah (1+aAT)(1+3aAT)2

where H is the thickness of the lithosphere and AT = Ah dT/d: is the average temperature
change of the lithosphere.

Typical boundary conditions for a real lithosphere almost certainly lie between the
two end members outlined above, and are more likely nearer the fixed stress case. Thus
these two end members can be used to place bounds on the magnitude of deviatoric stresses
induced in the lithosphere by vertical processes. However, the published expressions for
both situations [9,10] are incorrect, due to mistaken assumptions in their derivations. In
this investigation I have derived the horizontal stress relations for addition or removal of
overburden after correcting these errors.

, ition, The assumptions (a)—(c) given above for the
constant stress condition are inconsistent with current understanding of the relationship

between temperature and the structure of the lithosphere [e.g., 12]. For a given geologic

material, the effective thickness of the elastic lithosphere is determined by the depth to a
critical isotherm, which is in turn a function only of the thermal gradient. The addition or
removal of overburden will not result in any change to the total lithosphere thickness once
thermal re—equilibration has occurred. However, the lithosphere is, in general, composed
of two major layers: a crustal layer and an elastic mantle layer, both of which overlie
ductile mantle. Changes (e.g., erosion, deposition) near the surface involve material with
the density of crustal rocks whereas the compensating changes at the base of the lithosphere
(due to vertical migration of the critical isotherm) involve the mantle, which has a higher
density. Thus the integrated vertical stress will decrease and the buoyancy of the column
will increase. (Note that if the base of the elastic lithosphere is within the crust, there is no
net change in the the mechanical state after addition or removal of material at the surface.)

With these modifications to the lithospheric model, the derivation of the horizontal
stress can be carried out using horizontal force balance methods, givin

Pc 1 (Pm j
H.+—Hpy -2 Ah|—-
P C\‘ ¢ Pm " 2 Pc (3)

Pm’ H:.+ Hp
where H, and Hpy, are the thicknesses of the crust and mantle portions of the lithosphere,
respectively. Using nominal estimates for material parameters (& = 10-5/K°, dT/dz =
20°/km, p¢ = 2.6 Mg/m3, pyy = 3.3 Mg/m3, H = 30 km, H,= Hp= 15, Ah = 5 km), I find
that the deviatoric horizontal stress is about —0.2 times the overburden stress (0, = p.gAh),
whereas that predicted by equation (2) is about +0.3 0,. Thus there is about a 50%
correction in the stress difference (o) - 6).

Or =—pc8Ah|1 -
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it An implicit assumption in previous
derivations of the horizontal stress for this case is that the three contributions to the stress
are independent, and can be computed separately and added together (see, e.g., Haxby and
Turcotte [9]). Such is not the case, however. For example, the horizontal expansion
induced by vertical compression acts to help support the lithosphere in a spherical geometry
("arch support"); this reduces the vertical displacement and hence the compression due to
subsidence on a sphere (which depends only on the displacement).
I have derived an expression for the horizontal stress in a thick spherical lithosphere
(after Love [13]):

a.=(3).+2u)A+2—‘:B @
where ‘
A = P84aR

3 T
1_(R-H\1—w}
31.’,2# R ’1+w

3

B=ngAhR 1- R 3],+Q21
4u R-Hjl1-o

and where A and y are Lame's constants, @ = p,g(R - H)/4u is a stress parameter and

O = - 4u/(3A + 2u).

The new result agrees with equation (1) in the limiting cases @ >> 1 (Poisson stress
dominates) and @ << 1 (displacement stress dominates). But for values of the elastie
parameters and @ appropriate for the Earth (e.g., using the previous parameter values and A
= = 5x1010 Pa), the horizontal stress from equation (1) (omitting the thermal term) is
+0.5 0,, whereas the corrected stress from equation (4) is about +1.2 oy. Thus the stress
difference is of the opposite sign and about 40% larger in magnitude.

Thermal expansion effects for the lateral constraint case, along with expressions
appropriate to thermal uplift or subsidence, are the subject of future work. It will then be
possible to re-evaluate a large number of problems involving horizontal stress effects from
vertical tectonics on planetary lithospheres.

References: [1] Solomon and Head, Vertical movement in mare basins: Relation to mare
emplacement, basin tectonics, and lunar thermal history, JGR 84, 1667, 1979; [2] Banerdt
et al., Thick shell tectonics on one-plate planets: Applications to Mars, JGR 87, 9723,
1982; [3] Banerdt et al., Stress and Tectonics on Mars, Mars, ed. Kieffer et al., in press,
1990; [4] Banerdt, Support of long wavelength loads on Venus and implications for
internal structure, JGR 91, 403, 1986; [S] Sleep and Phillips, Gravity and lithospheric
stress on the terrestrial planets with reference to the Tharsis region of Mars, JGR 90,
4469, 1985; [6] McGarr and Gay, State of stress in the earth's crust, Ann. Rev. Earth
Planet. Sci. 6, 405, 1978; [7] Price, Fault and Joint Development in Brittle and Semi-
Brittle Rock, 1966; [8] Voigt and St. Pierre, Stress history and rock stress, Adv. Rock
Mech., Proc. 3rd Cong. Int. Soc. Rock Mech., IIA, 580, 1974; [9] Haxby and Turcotte,
Stresses induced by the addition or removal of overburden and associated thermal effects,
Geology 4, 181, 1976; [10] McGarr, On the state of lithospheric stress in the absence of
applied tectonic forces, JGR 93, 13609, 1988; [11] Artyushkov, Stresses in the
lithosphere caused by crustal thickness inhomogeneities, JGR 78, 7675, 1973; [12] Brace
and Kobhlstedt, Limits on lithospheric stress imposed by laboratory experiments, JGR 85,
6248, 1980; [13] Love, A Treatise on the Mathematical Theory of Elasticity, p.142, 1927.
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GEOLOGY, STRUCTURE, AND STATISTICS OF MULTI-RING BASINS
ON MARS. Richard A. Schultz and Herbert V. Frey, NASA Goddard Space Flight Center,
Greenbelt, MD 20771.

Multi-ring basins define the fundamental tectonic framework upon which subsequent
geologic and geophysical processes of many planets and satellites are superimposed. For example,
most volcanic and tectonic activity on the Moon was localized by pre-existing impact basins [1].
Control of volcanism, tectonics, erosion, and perhaps even volatile dynamics on Mars by multi-
ring basins can be discerned in many areas (2] even though endogenic processes were quite
vigorous over the planet's history. On the other hand, the family of impacting objects that
produced these basins is probably related to planetary accretion [3], and size-frequency
characteristics of impactor populations can be estimated given an accurate inventory of impact
craters and basins [4]. Thus the record of multi-ring basins on Mars provides a fundamental link
between the planet's accretion and its later development.

We have compiled and evaluated available data on martian multi-ring basins [S] using the
new 1:15 milion scale geologic maps of Mars [6] and revised global topography [7] as base maps.
Published center coordinates and ring diameters of martian basins were plotted by computer and
superimposed onto the base maps. In many cases we had to adjust basin centers or ring diameters
or both to achieve a better fit to the revised maps. We also found that additional basins can explain
subcircular topographic lows as well as map patterns of old Noachian materials, volcanic plains
units, and channels in the Tharsis region [8].

Smaller impact basins on Mars such as Ladon (D = 975 km) are comparable dimensionally,
morphologically, and structurally to Orientale (D =930 km) on the Moon. In contrast, Oricntale-
type morphology can be recognized only for martian basins smaller than Argyre (D = 1850 km).
Larger basins such as Isidis, Argyre, and Hellas typically show a rugged, blocky annulus with
concentric grabens surrounding a central depression. Still larger structures show either multiple
rings reminiscent of Valhalla on Callisto (Chryse) or persistent depressions surrounded by poorly
expressed concentric structure (Blysmm 91, Umopla {10]). Basin relicf relative to diameter
becomes progressively shallower with increasing basin diameter. Thus, the morphology and
structure of martian multi-ring basins changes significantly as basins increase in size.

The formation of concentric ring structure and post-impact viscous relaxation of basin
topography can differ for spherical, rather than planar, targets {11,12]. Diameters of martian
multi-ring basins can be significant fractions of Mars' radius. For example, ratios of basin
diameter to planetary radius are: Elysium, 1.46; Utopia, 1.39; Chryse, 1.06; Hellas, 0.68; Argyre,
0.55; and Ladon, 0.29. The value for Argyre is comparablc to that of Orientale normalized by
lunar radius, 0.53 or Caloris on Mercury, 0.53. Because Argyre, Orientale, and Caloris have
similar normalized diameters but different morphologies, planetary curvature by itself probably did
not control the morphology of these moderate sized basins. Structures larger than Chryse may
have been influenced by spherical target geometry.

R-plots of basin diameters (Fig. 1) show that the martian multi-ring basin population
dovetails into the smaller crater population [13] near 500 km diameter. The relative abundance of
basins >1000 km in diameter is comparable on Mars and the Moon, perhaps suggesting an inner
solar system source for the larger impactors [e.g., [4]). R-plots and weighted least squares fit to
cumulative frequency data (Fig. 2) both indicate that basins follow a shallow production function.
Basins 500 to 1500 km in diameter show the characteristic Orientale morphology and a best-fit

slope of D-0.75, Basins larger than Argyre define a D-1-7 slope. The slope change may in part
reflect the swc-fxequmcy population of the largest impactors. Formation of large multi-ring basins
~ on early Mars may be more analogous mechanically to impacts on icy satellites (e.g., [14,11]) than
to late forming lunar basins. Thus, Orientale morphology may not scale linearly to the largest
diameters on Mars.
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MULTI-RING BASINS OF MARS
Schultz, RA. and Frey, H.V.
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MODELLED AND MEASURED STRAIN IN MASCON BASINS ON THE MOON
M. P. Golombek and B. J. Franklin, Jet Propulsion Laboratory, Caltech, Pasadena,
CA 91109

The close association of wrinkle ridges and grabens with mascon basins
on the Moon has suggested that the responsible compression and extension
resulted from basin subsidence and peripheral flexing of the lithosphere. The
distribution of grabens and wrinkle ridges associated with mascon basins has
been further used along with elastic plate bending models to constrain the
thickness of the lithosphere at the time of their formation (1). Kinematic
models for basin subsidence have also been developed and compared with
strains inferred from grabens and wrinkle ridges (2, 3). Note that kinematic
models may be preferable to dynamic models because the strain associated with
tectonic features can be compared directly with model predictions and because
fewer assumptions are required for their calculation, such as perfect elasticity
and specific values of the elastic moduli. In addition, if the results from
kinematic models compare favorably with the strain estimated across tectonic
features on the Moon, then a global strain (or stress) field, proposed by a number
of workers, may not be necessary. In this abstract, the strain inferred for wrinkle
ridges and grabens has been compared to that calculated from a simple
kinematic subsidence model for mascon basins on the Moon.

The kinematic model used is conservative [model 1 described in (3)}.
Briefly, the model assumes an initial basin that is a couple of kilometers deep
(2.5 km) at its center, tapering toward the edges (approximated by a segment of a
sphere with a larger radius of curvature than the original lunar surface). The
basin center is assumed to subside 1-2 km from loading of the lithosphere,
which is 25-150 km thick (1), with all points moving towards the center of the
Moon. The radial strain due to shortening of the arc (membrane) and that due
to unbending are calculated for the interior of the basin. Hoop strains are
calculated from the corresponding decrease in circumference of interior smail
circles around the basin center. Radial extensional bending strains at the edge of
the basin are calculated from the flexure of the lithosphere over the width of the
graben zone (typically about 50 km) due to subsidence of the basin. Because
most wrinkle ridges and grabens associated with mascon basins are concentric,
the total radial compressional strain across a basin (edge to edge) and the
peripheral radial extensional bending strain are the quantities most easily
compared with model calculations.

Determining the extension across grabens on the Moon is
straightforward. The bounding faults dip about 60° (4), so the extension on each
fault is a simple function of the depth of the graben floor [see (4) for method].
Calculations are based on specific measurements already made (where
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topographic data exist) or by an estimate based on the apparent depth of a graben
(where topographic data does not exist).

Determining the shortening across wrinkle ridges is less well
constrained. A number of different methods have been used to obtain the
compressional strain, and most methods suggest between a fraction of a percent
to a few percent (2, 5, 6, 7). For this application, the method of Golombek et al.
(7) is used, which is based on topographic profiles across wrinkle ridges and the
presence of an elevation offset, assumed due to motion on a thrust fault at
depth. Wherever adequate topographic data exist, we calculate the shortening
directly by unfolding the ridge profile and by slip on a 25° dipping thrust fault to
produce the observed elevation offset. Because many basins do not have
adequate topographic coverage, a general relationship is used between the hill
width (the part of the ridge most easily identified on most images) and
shortening, based on a set of 31 lunar ridges with detailed topographic data (7)
and shortening estimates that suggest wider ridges have more shortening than
smaller ridges. This relationship equates shortening with the hill width times
0.016 plus 122 m; it is derived from linear regression analysis and has a
correlation coefficient of 0.66. Because this relationship includes uncertainties
from a variety of sources and the correlation coefficient is not optimal, we
choose the most sensitive parameter that affects the relationship (the fault dip)
and vary it by 10° from the nominal 25°. Tests in basins where detailed
topographic data do exist (Serenitatis and Crisium) show that this method
adequately bounds the measured shortening.

For each basin, a number of transects were drawn to maximize the
observed strain. Shortening within the basin and extension peripheral to the
basin were measured using the above methods. For each basin we calculated
the total radial shortening across the basin and the total peripheral radial
extension for lithosphere thicknesses most appropriate for the basin (1).
Reported below are the maximum measured and calculated shortenings and
extensions across the eight mascon basins on the Moon. Models assume 2 km
of subsidence and a lithosphere thickness of 50 km for peripheral flexure, unless
otherwise noted. Symbols are: r=radius of basin, not including zone of
peripheral grabens (50 km wide unless otherwise noted); sh=maximum
shortening across basin (range in model results are for different lithosphere
thicknesses, range in measured results are for 15-35° fault dips); ex=maximum
extension across periphery; T=lithosphere thickness from (1).

For Humorum (r=200 km) model results indicate sh=1212-2210 m for
T=50-100 km and ex=505 m; measured sh=1005-2185 m and ex=475 m. For
Serenitatis (r=275 km), model results indicate sh=1076-1800 m for T=50-125 km
and ex=366 m; measured sh=815-1760 m and ex=330 m. For Smythii (r=175 km,
no graben zone) model results are sh=1874-2446 m for T=75-100 km; measured
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sh=365-790 m. For Crisium (r=225 km, no graben zone) model results are
sh=1590-2920 m for T=75-150 km; measured sh=1040-2540 m. For Grimaldi (r=75
km, initial depth 1 km and 1 km subsidence) model results are sh=670-1338 m
for T=25-50 km and ex=335 m for T=25 km; measured sh=340-730 m and ex=200
m. For Orientale (r=150 km, 100 km graben zone) model results are sh=1172-
1440 m for T=40-50 km and ex=537 m for T=40 km; measured sh=400-900 m and
ex=300 m. For Nectaris (r=160 km, 150 km graben zone) model results are
sh=2002-2628 m for T=75-100 km and ex=944 m; measured sh=390-850 m and
ex=205 m. For Imbrium (r=540 km) model results indicate sh=1148-1864 m for
T=50-150 km and ex=278 m for T=75 km; measured sh=1090-2410 m and ex=250
m.

Results of a conservative and fairly simple kinematic model of mascon
basin subsidence indicate modest radial shortening of 0.6-3 km across the basins
and extension of 0.2-1 km along the basin margins. Estimates of the cumulative
shortening across wrinkle ridges (0.3-2.5 km) and the cumulative extension
across grabens (0-0.5 km) in transects across the basins are very similar to
subsidence model calculations. In all cases the models can account for the
cumulative measured extension and compression. These results argue that the
superposition of global strains to account for the strain accommodated by the
wrinkle ridges and grabens in mascon basins is not required. There are,
however, many wrinkle ridges and a few grabens that do not appear directly
related to mascon basin subsidence on the Moon, and it is possible that these
features formed from a global strain. To quantify this possibility, the length of
all non-mascon grabens and mare wrinkle ridges were summed, an average
extension (3, 4) applied to the grabens and an average shortening applied to the
wrinkle ridges (7) to calculate a change in lunar surface area. If all of this surface
area change is due to a radius change, the total increase in radius needed to
account for the non-mascon grabens is trivial (<5 m); the total decrease in radius
needed to account for the non-mascon wrinkle ridges is <80 m. It seems
reasonable that many if not all of these features are due to non-mascon related
processes such as local cooling and contraction, minor settling or subsidence, so
that no change in lunar radius is necessary.
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STRAIN ACCOMMODATION BENEATH STRUCTURES ON MARS
M. P. Golombek!, K. L. Tanaka2, and W. B. Banerdt!, 1Jet Propulsion Laboratory,
Caltech, Pasadena, CA 91109, 2U. S. Geological Survey, Flagstaff, AZ 86001.

A recent review of tectonic features present on Mars (1 and references
therein) shows that most of their subsurface structures can be extended, with
confidence, only a few kilometers dee}l> (exceptions are rifts, in which bounding
normal faults penetrate the entire brittle lithos?here, with ductile flow at deeper
levels). Nevertheless, a variety of estimates of elastic lithosphere thickness and
application of accepted failure criteria under likely conditions on Mars suggest a
brittle lithosphere that is many tens of kilometers thick. This raises the question
of how the strain (extension or shortening) accommodated by grabens and
wrinkle ridges within the upper few kilometers is being accommodated at
deeper levels in the lithosphere. In this abstract, we first briefly review the non-
rift tectonic features present on Mars, their likely subsurface structures, and
]Jresent some inferences and implications for behavior of the deeper
ithosphere.

Simple grabens are the most common type of extensional tectonic
feature on Mars. Most of these structures are bounded by two inward dippin
normal faults that have had the same amount of slip (equal scarp heigﬁtsﬁ
Their simple geometry at the surface (untilted - flat floors and shoulders at equal
elevations) argues for a simple subsurface structure, with both faults
terminating at their point of mutual intersection (2). Observations of faults
bounding grabens in canyon walls on Mars indicate an average dip of about 60°
(3), indicating that faults bounding simple grabens on Mars only penetrate the
upper few kilometers of the lithosphere (about the width of the structure, 1-5
kmg As a result, it is not obvious how the extensional strain taken up by slip on
the graben bounding faults in the upper few kilometers is accommodated at
deeper levels in the brittle lithosphere.

Some extension of rocks beneath the graben-faulted layer may be
accommodated by elastic expansion without fracturing. For example, where
narrow simple grabens are spaced 100 km apart, each having about 100 m of
extension F4), the total extensional strain is about 10°3. Laboratory
measurements of Young's modulus, based on the propagation of elastic waves
in homogeneous samples, for likely basement materials on Mars (e.g., basalt) are
4x104 to 105 MPa (5). In addition, seismic velocities from basement rocks at
Apollo 17 indicate a Young's modulus of about 104 MPa (6 and references cited
therein). As a result, rock beneath the grabens will experience a tensional stress
of 10 MPa, which is well below the strength of likely basement rocks on Mars at
a few kilometers depth, even if the rocks are prefractured with no tensile
strength (7). For elastic expansion to occur a detachment must separate the
faulted and unfaulted rocks so that the extension accommodated by the grabens
is distributed over the entire underlying basement. If basement rocks on Mars
have some tensile strength as is likely in current models (7), elastic expansion of
basement rocks without failure is possible beneath simple grabens on Mars that
are spaced more than about 25 km apart and where faulted rocks are detached
from underlying rocks. For many regions on Mars where grabens are spaced
closer than about 25 km, the basement is likely to fail under the extensional
strain as described below.
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The simple subsurface geometry of grabens only allows vertical tension
cracks or dikes beneath them. If one’of the two shear faults did extend to a
deeper level more slip would be expected on the deeper, master fault than the
antithetic fault, which would result in an asymmetric or tilted structure, which
is not observed. As a result, dikes or tension cracks could underlie grabens.
Accepted failure criteria applied to Mars indicate that the formation o tension
cracks can occur to substantial depths beneath graben bounding normal faults
(7), particularly when driven by fluid (water or magma) pressure in the forming
crack. Their individual widths on Mars could be up to 200 m, about twice that
on the earth (8) and multiple intrusions are possible. The total width of the
dikes would likely equal the extension in the overlying graben. Terrestrial
analogs show that dike intrusion at depth is linked to graben formation at the
surface in Iceland and Afar (9). In these areas, grabens are a few kilometers wide
and are underlain by dikes that extend kilometers in depth and tens of
kilometers laterally (scales comparable to martian examples), and did not erupt
on the surface. In addition, dikes are known to feed fissure eruptions on the
earth, so their common association with grabens and volcanic regions on Mars
(such as Tharsis) supports the model linking dike intrusion at depth with
graben formation near the surface. The common association of grabens with pit
chains on Mars (e.g., 7) also supports underlying dikes or mec anically similar
hydrofractures (fluid driven tension cracks) to provide the space at depth for the
inferred subsurface drainage of material; pit chains have also been observed in
abens in Iceland and above fissures in Hawaii. In this subsurface structural
model, the dike does not have to intrude directly beneath graben, but could be
offset, provided that a subsurface detachment allows horizontal slip between the
dike and graben. The maximum depth that underlyinfg dikes or hydrofractures
could extend is limited by the driving pressure of the fluid and so, mechanically
could extend to tens of kilometers depth. Hydrofractures could extend to a
depth where the fracture toughness exceeded the extensional strain, below
which the lithosphere expanded elastically. Dikes could link with subsurface
magma chambers or zone of melt production (upper mantle?) and thus
accommodate the extension throughout the brittle crust beneath the grabens.

Wrinkle ridges are morphologically complex linear topographic highs.
Most recent work has suggested two compressional kinematic models involvin
folding and faulting. e thick-skinned model suggests that faults beneat
wrinkle ridges extend through the entire lithosphere &0). If wrinkle ridges do
involve thrust faulting of most of the lithosphere, then there is no problem
reconciling the compressional strain accommodated by the wrinkle ridges in the
upper few kilometers of the crust with that in the rest of the lithosphere. If,
however, wrinkle ridge formation involves only a thin surface layer (faultin
and folding extends only a few kilometers deep), in the thin-skinned model (11),
then some explanation must be provided for how the compression in the ridges
is accommodated deeper in the lithosphere. The compressional strain across
lunar and martian wrinkle ridges and lunar basins has been estimated at 102 to
103 (10, 11, 12). For the values of Young's modulus discussed earlier, this strain
indicates a stress of tens to hundreds of MPa, which exceeds the compressional
strength of low cohesion materials. Low cohesion, dry rocks on Mars are stable
to failure for stress differences under compression of 35 MPa per kilometer of
depth. As a result, wrinkle ridges could be expected to involve faulting down to
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10 km depth if they accommodate compressional strain of order 10-2. In this
model, thrust faults propagate to a depth below which the imposed
compressional strain was less than the elastic strength of the lithosphere.

Possible differences in strength of surface units on Mars could augment
this effect and control certain aspects of wrinkle ridge formation. The strength
of brecciated highland rocks is controlled by the frictional resistance to sliding on
preexisting fractures, with no cohesive strength. As a result, lower stresses
would be required to produce faulting in breccia than if the rock had cohesive
strength. This might Igad to small thrusts in highlands breccia that initiated at
the surface and propagated into the shallow subsurface. In contrast, volcanic
flows could possess substantial cohesive strength (30-50 MPa; 5), thereby
requiring much greater differential stresses to initlate faulting in surface rocks.
These higher stress levels could lead to initiation of faults at greater depths,
perhaps at a mechanical discontinuity between the base of the strong volcanics
and the weak underlying breccia (e.g., 6). Faults would propagate down in the
ejecta until the greater strength of the volcanics was exceeded. In this scenario,
faults would propagate deeper than if the entire shallow crust had the same
strength as the volcanics. Thus faultinﬁ beneath wrinkle ridges in cohesive
volcanic flows could involve more of the lithosphere, leading to each ridge
accommodating greater shortening on fewer structures resulting in the wide
spacing observed between large ridges on the ridged plains. This model is
capable of explaining the observation on Lunae Planum (13) in which large,
widely spac ridqes with great shortening are found in the thicker plains to the
west than the smaller, more closely spaced ridges with less shortening found in
the thinner plains to the east.
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EARLY TECTONIC EVOLUTION OF MARS - CRUSTAL DICHOTOMY TO
VALLES MARINERIS; H. V. Frey and R. A. Schultz, Geodynamics Branch, Goddard Space
Flight Center, Greenbelt MD 20771

In this study we addressed several fundamentai probiems in the eariy impact, tectonic and
volcanic evolution of the martian lithosphere: (a) origin and evolution of the fundamental crustal
dichotomy, including development of the highland/lowland transition zone; (b) growth and
evolution of the Valles Marineris; and (c) nature and role of major resurfacing events in early
martian history. Below we briefly summarize our results in these areas.

(a) Origin and Evolution of the Martian Crustal Dichotomy

Both internal and external processes have been invoked to explain this fundamental
characteristic of the martian lithosphere. We suggest that major, basin-forming impacts have
played a prominent role in the origin and development of the crustal dichotomy (1,2,3). Our
study revealed little direct support for the single giant impact hypothesis (4), but did suggest a
number of new, previously unrecognized large impacts basins (5). Independent evidence for the
Daedalia, Utopia and Elysium Basins has been presented by others (6,7,8). Most of the largest
recognized basins are in the northern or western hemispheres; we believe that the overlap of
these basins is responsible for the lower topography and prolonged volcanism which
characterizes the northern lowland plains, and perhaps also for the growth of major volcano-
tectonic complexes such as Elysium and Tharsis (3,9). A speculative model for the evolution of
the northern lowlands in the Utopia-Elysium region was developed within this context (9,10).
More work needs to be done to refine the inventory of major impact basins for Mars and to relate
these basins to the earliest crustal development of the planet. We have found evidence in the
cumulative frequency curves as well as in the morphology of the basins for a signficant change
in properties at Argyre-sized basins (D~1850 km) and at Chryse size basins (D~3600 km) (5).
These changes may be related to lithospheric structure at the time of basin formation or to
fundamental differences in the impacting population.

(b) Growth and Evolution of the Valles Marineris

Valles Marineris is a complex system of ancient grabens that were modified by erosion
and deposition. Our detailed studies addressed several fundamental issues on trough origin and
growth. Relative orientations of Coprates Chasma and wrinkle ridges and grabens located on the
adjacent southern plateau suggest that the ridges and grabens grew under multiple stress states
and probably predate Coprates Chasma itself (11). New structural mapping of the region (12,13)
details the discontinuous distribution and interrelationships of wrinkle ridges, grabens and pit-
crater chains around the troughs. Although the trough system is often assumed to have nucleated
as small pit-craters, pit-crater chains appear to be distinct structures, not trough precursors (14).
Unambiguous evidence for strike-slip faulting was found in Early Hesperian ridged plains
materials to the south in Coprates (15,16,17). Detailed mapping of the echelon set of plateau
grabens located on Ophir Planum and the adjacent Coprates trough bounding faults is
unravelling the sequence of faulting in central Valles Marineris. The curving geometries of
grabens in Ophir and trough faults near Melas Chasma indicate that the local stress state was
spatially variable, but probably regionally uniform, during early trough growth (18). Our work
reveals unexpected complexities in the growth and tectonic development of the Valles Marineris
region.

(c) Major Resurfacing Events in Martian History

Resurfacing has been a major process during most of martian history, but detailing the
characteristics of major events has been difficult. We have adapted the Neukum and Hiller
technique (19) for larger crater diameters in order to study older terrains and the resurfacing
which has modified them. We showed that a major resurfacing event within and around the
highland/lowland transition zone occured at the time of ridged plains emplacement in Lunae
Planum and elsewhere (20). Similar study of the Tempe Terra region in western Mars shows
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that comparable resurfacing at about the same time occurred there (21) as well as in Xanthe
Terra, Lunae Planum and Coprates (22,23). It appears that there was a major, perhaps planet-
wide resurfacing on Mars corresponding to the eruption of Lunae Planum Age (LPA) ridged
plains. We also find evidence for an older resurfacing event which can be related to intercrater
plains development (cratered plateau material) recognized in geologic studies (24). In the
Tempe region a common-age resurfacing event younger than LPA affecting the cratered terrain
and adjacent plains-forming lowland units appears to correlate with the Vastitas Borealis
Formation (21,24). We have also extracted information on the thickness of materials associated
with different resurfacing events from the cumulative frequency curves. Thicknesses associated
with the major LPA resurfacing vary greatly depending on location: in the Lunae Planum,
Tempe and Coprates ridged plains 350-600 m is common (21,23,25) but in the adjacent cratered
terrain in Xanthe Terra, Tempe Terra and elsewhere the correpsonding value is less than 100 m.
These results can provide an independent stratigraphy based on major resurfacing events
correlated at many places around Mars, which can both date the resurfacing events and also
locate the depth to older, now buried surfaces.

In a related study (26) we find evidence that what have been mapped as Noachian age
ridged plains in Memnonia and Argyre may be Early Hesperian in age. These plains are
sufficiently thin that a large number of medium-sized craters show through from an older surface
below. This may mean that the eruption of ridged plains was more temporally confined than
previously thought, which would have important implications for the thermal history of Mars.
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The regions antipodal to Mars' three largest impact basins, Hellas, Isidis, and
Argyre, were assessed for evidence of impact-induced seismically-disrupted terrains.
Photogeology and preliminary computer modeling using the Simplified Arbitrary
Lagrangian-Eulerian computer program (Watts et al., 1989) [1] suggest such terrains could
have been formed by the Hellas and Isidis impacts. Maximum antipodal pressures are
1.1 x 109 Pascals for Hellas, 5.2 x 108 Pascals for Isidis, and 1.5 x 109 Pascals for
Argyre.

Previously, the only assessment of potential surface disruptions on Mars antipodal
to large impacts was by Peterson (1978) [2]. He described the terrain at the antipodes of
Hellas, Isidis, and Argyre impact basins, and suggested that focusing of seismic shocks
from the Hellas impact might have produced the volcanic conduit at Alba Patera through
which magma could reach the surface. He also suggested that older fractures in Noctis
Labyrinthus may have been generated or modified by the Isidis impact.

Our results give credence to Peterson's assertions. For Hellas, the computer model
clearly suggests that antipodal pressures were probably strong enough to have fractured the
crust and disrupted the surface, and may account for aspects of volcanism at Alba Patera.
Alba Patera has long been recognized as unusual (or perhaps unique) in the solar system
(Carr et al., 1977a) [3]. Itis a "central vent" volcano containing a caldera complex about
100 km across and has flows that can be traced radially more than 1000 km, making it the
largest such volcano seen anywhere. The long flows indicate high rates of effusion
(Greeley and Spudis, 1981) [4] which ordinarily are associated with flood eruptions from
fissures. For example, long flows seen on the Moon are inferred to have been derived
from fissures associated with basin-related fractures (Schaber, 1973) [5]. In contrast, the
Alba Patera flows appear as narrow sheets and tube-fed flows erupted from vents of limited
extent. This would suggest that the magma supply and conduit system is centrally-located
and different from that of the Moon. Moreover, the low flank slopes of Alba Patera may
indicate a different style of volcanism than that of the other Tharsis volcanoes on Mars, all
of which are high-standing edifices.

We suggest that the Hellas impact produced sufficient focused energy at its antipode
to produce deep fractures in the Martian crust centered below the current caldera for Alba
Patera. With the generation and evolution of magma in the Tharsis area, the fracture
system provided a ready conduit for early-stage eruptions of Martian lavas derived from
deep in the crust/upper mantle, perhaps of komatiitic composition (Burns ans Fisher, 1989)
[6]. These fluid lavas were erupted at high rates from the central zone of the antipodal
fractures and spread to great distance to form the basal lavas of Alba Patera. This occurred
in the Hesperian, long after Hellas disrupted the antipodal interior. The change in
morphology.

FORMATION ANTIPODAL TERRAINS--MARS: Williams, D.A. and Greeley, R.

to tube-fed flows at Alba Patera for the later deposits suggests lower rates of effusion of a
sporadic character (Greeley and Spudis, 1981) [4], which may reflect lower rates of
magma production, more constrained conduits, more "evolved" magmas, or some
combination of these factors.
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The computer model gives antipodal pressures for the Isidis impact very close to
those produced by the Imbrium impact on the Moon and by the Caloris impact on Mercury,
suggesting that disrupted terrains should have been produced. Although none are seen,
Peterson (1978) [2] suggested that some of the fractures of the Noctis Labyrinthus system
may have been generated or influenced by the Isidis impact. Some of the fractures in the
Noctis Labyrinthus system are radial to or concentric about the Isidis antipode.
Carr (1974) [7] suggested this topographically high region might be due to crustal
upwarping caused by mantle convection in Tharsis. The load from Tharsis volcanics may
have reactivated certain aligned older fractures, previously emplaced by Isidis antipodal
activity (Peterson, 1978) [2]. Thus, Noctis Labyrinthus may be a younger feature that
owes its location at least partly to the antipodal effects of a major impact. The lack of
visible features at the Argyre antipode suggests that either the low antipodal pressures were
insufficient to disrupt the terrain, or such terrain was produced but has since been
obliterated.

References: [1] Watts, A.W., R. Greeley, and H.J. Melosh, 1989, Lunar and
Planetary Science XX, pp. 1183-84.; [2] Peterson, J., 1978, Lunar and Planetary Science
IX, pp. 885-6.; (3] Carr M.H,, KR Blasius, R. Greeley, J.E. Guest, and H. Masursky,
I giegphys, es.. 82, pp. 3985 4015, 1977a.; [4] Greeley, R. and P.D. Spudis, Reviews

Q Geophysics & Space Ehyslgs, 12, #1, pp. 13-41, Feb., 1981.; [5] Schaber, G.G.,
Proc. 4th Lunar Sci, Conf,, pp. 73-92, 1973 [6] Burns R.G. and D.S. Fisher, L_EI
Tech. R -04, pp. 20-22, LPI, Houston Texas, 1989.; [7] Carr, M.H,, L.

Qmuus.M pp. 3943-3949, 1974.
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CLORAL RELATIONSHIPS BETWEEN VOLCANIC VENTS AND
FRACTURES RADIAL TO LARGE IMPACT BASINS ON MARS.
Byron D. Schneid and Ronald Greeley, Department of Geology, Arizona State University,

Tempe, AZ 85287.

The relation of volcanic vents on Mars to impact basins has been studied previously
(1,2,3,4,5,6). It has been asserted that the concentric fractures around impact basins extend
into the crust and might localize some features, including volcanoes (e.g. 4). In this study, we
assess the possibility of radial fractures inferred to be associated with impact basins as an
additional control on the location of volcanoes on Mars. Geologic mapping at 1:2 million scale
enabled 250 central vents and fissure vents to be identified. Patterns of vent distribution
(fig. 1) superimposed on a globe show that most are located on three distinct circles. The first
is a great circle which passes through Arsia Mons, Pavonus Mons , Ascreaus Mons, and
Tempe Fossae, along Protonilus Mensae (an area of fractured terrain), through Syrtis Major,
Hadriaca Patera, and a series of fissure vents southwest of Tharsis. A similar great circle
trends SW to NE from the Hellas basin, through Hadriaca Patera, Tyrhenna Patera, Elysium,
Alba Patera (which is approximately antipodal to the Hellas basin), southern Tempe Fossae,
the eastern Valles Marineris chaotic region, and the Amphitrites Patera vents on the southwest
rim of the Hellas basin. The third series of vents is on a small circle 4800 km in diameter
centered at = 104°W, 2°N. This site is near the center of the Tharsis gravity anomaly (7) and the
loci of associated tensile stresses (8). Most fissure vents not located on the Tharsis trend of
volcanics are on this small circle, as are Alba Patera and other central vents.

There are two more possible great circles which may be superimposed onto the martian
globe. The first can be traced along the escarpment dividing the northern lowlands from the
southern highlands, across Isidis Planitia (the site of a possible impact basin at ~
(273°W, 13°N), fractured terrain in Solus Planum (a possible fissure vent source area), and
through Juventae Chasma. This circle may reflect the role of inferred radial fractures in
modifying the surface without associated volcanism. The second possible great circle passes
through the Hellas impact basin, some large unnamed central vent volcanoes (at ~ 205°W, 48°S)
, Apollonaris Patera, the escarpment north of Alba Patera and the Tempe Fossae region, and
into Acidalia Planitia. Acidalia Planitia is also along the trend of the Tharsis chain of volcanoes
and may indicate an impact site centered near 30°W, 60°N.

VOLCANIC VENTS AND FRACTURES RADIAL TO IMPACT BASINS
Schneid,B.D. and Greeley,R.

Although concentric fractures of smaller impact basins may influence local vent sites, the
global setting appears to be governed by radial fractures associated with major impact basins.
This is supported by the association of one or perhaps two great circles with the Hellas impact
basin, and possible great circles associated with the Isidis basin and Acidalia Planitia. The
distribution also suggests that larger impacts produce larger fractures and can, therefore,
accommodate more
volcanic vents. Isidis, Argyre, Procellarum, and Hellas basins in that order, have an
increasing number of vents inferred to be associated with them.
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TECTONIC SETTING OF MARTIAN VOLCANOES AND DEEP-SEATED INTRUSIVES
D.H. Scott and J.M. Dohm, U.S. Geological Survey, Flagstatf, AZ 86001

More than 50 volcanoes have heen mapped on Mars [1,2,3]), and recent
geologic studies [4] indicate structural evidence of deep-seated intrusive
bodies (Fig. 1). Most volcanoes in the Tharsis region are volcanotectonic
features: they have been assoclated with large-scale tectonic and volcanic
processes. They occur along complex systems of faults and grabens having a
. dominant northeast-southwest trend closely coincident with a great circle [5],

which extends along 90° of arc from Tempe Patera to probable volcanic moun-

- tains near lat 40° S., long 150°. Olympus Mons, Alba Patera, and a small
volcano between them are aligned nearly parallel to the Tharsis axial trend;
the boundary of the Martian crustal dichotomy is largely covered by young lava
flows in this region but appears to lie within the corridor between these two

- trends. Clusters of relatively small volcanoes occur around the south end of

the Tharsis rise, particularly in the Thaumasia area where ancient rocks are

transected by networks of intersecting faults.

Deep-seated intrusive bodies are also concentrated in the Tharsis region
and are recognized mostly where faults have been deflected around their cores.
The intrusives have no observable topographic expression or associated lava
flows except for Tempe Patera [6], a relatively small volcano that appears to
be the surface expression of a much broader and older intrusive body. Three
large, circular, rimless structures clustered in the southwestern part of the
Tharsis region (Fig. 1) do not resemble impact craters and may be volcano-
tectonic depressions [7].

The Elysium Hons-Amphitrites Patera volcanic alignment is subparallel to
that of Tharsis but is longer, extending through about 120° of arc; it
transects the dichotomy boundary and is radial to the Hellas basin. Unlike
the Tharsis trend, however, it is not associated with recognizable fault or
graben systems. No evidence of intrusive bodies has been found along this
trend or in the entire eastern region of Mars. Several volcanoes occur in the
south polar region [3] but here, too, no major fault trends or intrusives are
present. Many small volcanoes and pyroclastic cones occur in the northern
lowland plains, but even medium-size (»50-km-diameter) volcanotectonic
structures are not discernible; if they exist, lava flows of Late Hesperian
and Amazonian age have probably obscured all evidence of their presence.

Volcanoes in the Tharsis region have the widest age range (Early
Noachian-Late Amazonian) of all volcanoces on Mars, as determined by the size-
frequency distribution of their craters having diameters of 2, 5, and 16 km.
Volcanotectonic intrusive centers in the Tempe area are Middle Noachian to
Late Hesperian, as indicated by faults of these ages that have been partly
deflected around their centers. Volcanoes in the eastern hemisphere are
Hesperian to Early Amazonian.
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TIMING AND FORMATION OF WRINK
PATERA REGION OF MARS

Tracy K. Porter, David A. Crown and Ronald Greeley, Department of Geology, Arizona State
University, Tempe, Arizona 85287
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Wrinkle ridges are distinctive linear to curvilinear arches topped by crenulated ridges and have been
identified on the Moon, Mercury and Mars. Lunar wrinkle ridges, located mainly within the maria, may
have volcanic [1] or tectonic [2] origins, or a combination of the two [3]. Ridges in the Yakima member of
the Columbia River basalts are considered terrestrial analogs to wrinkle ridges; the Yakima ridges are thrust
faults draped on the surface by layered basalt flows [4]. On the Earth and the Moon, wrinkle ridges are
found within volcanic materials; because of this association, the presence of wrinkle ridges on other
planetary surfaces has been used as a criterion for identifying volcanic plains [5].

Watters and Chadwick [6] observed an orthogonal network of wrinkle ridges in Hesperia Planum
(20°S, 250°W), with ridges trending NW-SE and NE-SW. These ridges are attributed to "two superimposed
episodes of buckling”, suggesting two distinct compressional regimes. Recently, due to the presence of
lava flow lobes and leveed channels, Greeley and Crown [7] identified an area within Hesperia Planum as a
flank flow unit associated with Tyrrhena Patera. Hesperia Planum surrounds Tyrrhena Patera and embays
the eroded shield of the volcano to the north and east.

The Tyrrhena Patera flank flow unit extends ~1000 km from the summit caldera to the southwest
[7.8]. More than 55 wrinkle ridges have been identified on this flank flow unit. As in Hesperia Planum,
there are two dominant ridge trends: NW-SE (roughly concentric to Hellas) and NE-SW (roughly radial to
Hellas) [6,9]. Those trending NE-SW are aligned with a major ridge system SE of the flow unit and with
the general trend of the flow unit.

The relationships between the lava flows and wrinkle ridges within the flank flow unit allow relative
ages to be determined. Wrinkle ridges are classified as "post-flow" if flow lobes appear to arch over the
rises undeformed, with no evidence of flow ponding on the upstream side of the ridge, or of flows breaching
the rises (Figure 1). Ridges that appear to be contemporary with or older than the flow unit have also been
identified. These "flow-associated” ridges appear to be topographic barriers to flows in some instances.
Several flow lobes, when traced to their source, can be followed upstream until they intersect a ridge
(Figure 2). These flows appear to emanate from wrinkle ridges - although the ~90 - 230 m/pixel resolution
does not allow the precise relationship to be determined. The younger, post-flow ridges trend NW-SE,
whereas the older, flow-associated ridges trend NE-SW (Figure 3). This pattern appears to be consistent
across Hesperia Planum. Analysis of the highest resolution images available for Hesperia Planum
(~90 m/pixel) reveals many instances of NW-SE trending ridges cross-cutting NE-SW trending ridges.
Where a NW-SE trending ridge intersects a NE-SW trending ridge, a NW-SE trending scarp is seen on the
surface of the NE-SW trending ridge, suggesting that the NW-SE ridge formed the superposed scarp by
compression. Therefore, it appears that the NW-SE trending ridges are younger than the NE-SW trending
ri(()iges. The Tyrrhena Patera flank flow unit has 121 craters greater than 5 km in diameter (normalized to
1 kmz), suggesting that the unit was emplaced during the Upper Hesperian [10]. According to Tanaka's
(10] model 2, this corresponds to 3.55 - 3.7 b.y. ago, thus placing maximum and minimum ages on the
NE-SW trending and NW-SE trending ridges, respectively.

Wrinkle ridges within Hesperia Planum and the Tyrrthena Patera flank flow unit that trend NW-SE
appear younger than the flank flow unit; ridges trending NE-SW appear older than, or contemporaneous
with, the flank flow unit. If both ridge sets formed by tectonic processes, the age relationships suggest that
the local stress regime shifted by 90° after the emplacement of the Tyrrhena Patera flank flow unit. The
orientation of the post-flow ridges (orthogonal to the flank flow unit and concentric to the Hellas Basin) and
the presence of ridge-related scarps suggest a non-volcanic, compressional origin for these ridges. However,
the presence of flow lobes apparently emanating from NE-SW oriented ridges suggest that these ridges may
have a volcanic origin: they may represent feeder dikes or localizations of near-surface lateral lateral lava
transport. This is supported by alignment of the flank flow unit, individual flow lobes and lava channels
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with the flow-associated ridges. Thus, within the Tyrrhena Patera flank flow unit, it is likely that the older
ridges have a volcanic component, whereas the younger ridges appear to be of tectonic origin.

References: [1] Strom, R.G., 1972, in The Moon, S. Runcom and H. Urey, eds., 187-215. (2] Tija, H.D,,
1970, Bull. Geol. Soc. Am. 81, 3095-3100. [3] Colten, G.W., Howard, K. A. and Moore, H.J., 1972, App.
16 Prelim. Sci. Rep., NASA SP-315, 29.9-29.33. [4] Bentley, R.D., 1977, Geologic Excursions in the
Pacific Northwest, 339-389. [5] Potter, D.B., 1976, USGS Map 1-941. [6] Watters, T.R. and Chadwick D.J,
1989, LPI Technical Report 89-06, 68-70. [7] Greeley, R. and Crown, D.A,, 1990, JGR 90, 7133-7149. [8]
Crown, D.A., Porter, T.K. and Greeley, R., 1991, this issue. [9] Crown, D.A. and Greeley, R., 1990, Lun.
Planet. Sci. Conf. XXI, 250-251. [10] Tanaka, S., 1986, Proc. Lun. Planet. Sci. Conf. 17th, E139-E158.
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COMPRESSIVE STRAIN IN LUNAE PLANUM-SHORTENING ACROSS
WRINKLE RIDGES; J. B. Plescia, Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, CA, 91109

Wrinkle ridges have long been considered to be structural or structurally-
controlled features. Most [e.g., 1,2,3,4,5], but not all [6] recent studies have converged
on a model in which wrinkle ridges are structural features formed under compressive
stress; the deformation being accommodated by faulting and folding. However, the fault
dip and the relative importance of folding and faulting remain controversial [c.f., 2,3].
Given that wrinkle ridges are compressive tectonic features, an analysis of the
associated shortening and strain provides important quantitative information about local
and regional deformation.

Lunae Planum is dominated by north-south trending ridges extending from Kasei
Valles in the north to Valles Marineris in the south. This region was selected for detailed
because of the well-developed ridges, the relatively simple geologic setting, and the lack
of interference from other structures. Lunae Planum is Hesperian-age "ridged plains
material” [7] that thicken westward from an eastern contact with Noachian-age highly
modified heavily cratered terrain.

To quantify the morphometric character, a photoclinometric study was undertaken
for ridges on Lunae Planum using the technique of [8]. Phase-dependent photometric
coefficients for the clear and minus-blue filters are presented by [9], the coefficient
for the red filter is from [10]. Profiles are typically about 20 km in length and include
all of the ridge visible in the image and extending onto the plains on either side;
however, profiles could not be extended to adjacent ridges because of albedo variations.
Clearly, this is a limitation in the data set, but one which is unavoidable. Comparisons
between stereogrammetric topography and shadow determined relief indicate that, under
carefully controlled conditions, photoclinometric results are within 10-15% of the
relief determined by the other methods. Accuracy of this level is sufficient to estimate
the morphometry of ridges. When used in the context of a specific model of formation and
internal structure, the morphometric data can be used to asses the amount of
compression accommodated by faulting and folding and thus the local and regional strains.

More than 25 ridges were examined between longitudes 57° and 80°, latitudes 5° to
25°N. For each ridge, several (1-15) profiles were obtained along its length. Ridge
width, total relief, and elevation offset were measured for each ridge. Width is defined as
the distance across the ridge for which relief relative to the surrounding plains is
observed. Total relief is defined as the relief from the lowest plains unit to the summit of
the ridge. Elevation offset is the difference in elevation of plains on one side of the ridge
relative to that on the opposite side [2,11,12,13]. For ridges measured on Lunae
Planum, widths ranged from 1.5 to 14 km (mean of 5 km), total relief varied from 16
to 370 m (mean of 127 m), and elevation offsets were 0 to 225 m (mean of §5 m).

Using the model of [1,2] for the internal structure of a wrinkle ridge--anticlinal
deformation of the surface above a low-angle thrust fault; the fault presumably breaking
the surface--the morphometric data can be used to estimate the shortening due to folding
and faulting. Shortening due to faulting is proportional to fault dip and the elevation
offset. Shortening due to folding is the difference between integrated surface length
across the ridge and the horizontal point to point straight-line distance across the ridge.
The dip of the proposed thrust fault is unobserved, but it has been estimated to be about
25° (see [2] and references therein for a compiete explanation).
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Using these relations, the total shortening due to faulting across the ridges that were
measured varied from 0 m (no offset) to about 480 m; the mean value of shortening is
117 m. Shortening due to folding is 1 to 75 m with a mean value of 10 m. The ratio of
shortening due to faulting to that due to folding is about 12, similar to values derived for
lunar wrinkle ridges [2]. Using this same data set, the net compression and strain
across Lunae Planum at 20°N was examined. Seventeen ridges are crossed by this profile
which extends from 72° to 59° longitude. The values for each ridge represent the average
of all measurements along that ridge. The prefile has a total length of 641 km (measured
from the westernmost to the easternmost ridge). Total shortening amounts to 1840 m
(faulting shortening is 1712 m; folding shortening is 128 m); average shortening per
ridge is 108 m. This corresponds to a net compressive strain along the profile length of
0.29% (faulting strain is 0.27%; folding strain is 0.02%). These values are similar in
magnitude to shortening strain estimated from kinematic models of lunar mare basins
(e.g., Humorum) of 0.16-0.31% [14].

Ridges are not uniformly spaced in longitude across Lunae Planum. Ridges are
typically smaller, less well developed, and more numerous east of longitude 65° than to
the west. Eleven ridges occur east of 65°W compared with six to the west. Total
shortening west of 65° amounts to 924 m (average ridge shortening is 132 m); east of
65° it is 916 m (average ridge shortening is 92 m). Clearly, the net shortening is the
same in the two areas, but individual ridges to the west accommodate greater amounts of
shortening than those in the east. The relative and absolute magnitudes of faulting and
folding shortening are similar in the two regions. The compressive strain in the west is
0.26% and 0.31% to the east, essentially indistinguishable. These data indicate that the
net shortening and the net strain, at least within Lunae Planum, is relatively uniform
with distance from Tharsis.

References: [1] Plescia, J. B., and M. P. Golombek, Geol. Soc. Amer. Bull, 97, 1289-
1299, 1986. [2] Golombek, M. P., J. B. Plescia, and B. J. Franklin, Proc. 21st Lunar
Planet. Sci. Conf., in press, 1990. [3] Sharpton, V. L., and J. W. Head, Proc. 18th
Lunar Planet. Sci. Conf., 307-317, 1988. [4] Watters, T., J. Geophys. Res., 89,
10236-10254, 1988. [5] Watters, T., MEVTV Workshop: Early Tectonic and Volcanic
Evolution of Mars, pp. 63-65, Lunar and Planet. Sci., Houston, TX, 1988. [6] Scott, D.,
MEVTV Workshop Tectonic Features on Mars, LPI Tech. Rept. 89-06, pp. 52-54,
Houston, TX., 1989. [7] Scott, D. and K. L. Tanaka, U. S. Geological Survey Misc. Inv.
Series Map 1-1082-A, 1986. [8] Davis, P. A, and L. A. Soderblom, J. Geophys. Res.,
89, 9449-9457, 1984. [9] Tanaka, K. L., and P. A. Davis, J. Geophys. Res., 93,
14893-14917, 1988. [10] Thorpe, T., Icarus, 20, 482-489, 1973. [11] Maxwell,
T. A, F. El Baz, and S. H. Ward, Geol. Soc. Amer. Bull, 86, 1273-1278, 1975. [12]
Lucchitta, B. K., Proc. 7th Lunar Sci. Conf., 2761-2782, 1976. [13] Plescia, J. B.,
Abstracts 21st Lunar Planetary Science Conference, 967-968, 1990. [14] Golombek,
M. P., and G. McGill, J. Geophys. Res., 88, 3563-3578, 1983. [15] Tanaka, K. L.,
Proc. 17th Lunar Planet. Sci. Conf., Part I, J. Geophys. Res., 91, E139-E158, 1986.

Figure Captions: Upper panel shows the cumulative compression across Lunae Planum.
Individual crosses represent the compression for each ridge. A least squares line has
been fit to the data. Lower panel shows the amount of compression (faulting and folding)
for each ridge along the profile. A least squares line has been fit to the data.
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LATE NOACHIAN DEVELOPMENT OF THE COPRATES RISE, MARS
Kenneth L. Tanaka, U.S. Geological Survey, Flagstaff, Ariz.,
and Richard A. Schultgz, Mackay School of Mines, Univ. of
Nevada, Reno, Nev.

The Coprates rise forms a 900-km-long, north- to
northeast-trending ridge south of Coprates Chasma between long
56° and 60°. Radar [1] and stereophotogrammetric [2] data
indicate that the rise is 2-4 km above a neighboring trough to
the east. The break in slope between the rise and this trough
is well defined topographically and in Viking images. In turn,
the trough is bordered to the east at long 52° by a much
gentler rise (relief <1 km). West of the Coprates rise, the
terrain dips about 0.2° to roughly long 75°. The rise and
flanking highs were previously interpreted to be tilted fault
blocks formed by either Tharsis tectonism or an ancient impact
[1, 3]. We report here results of a preliminary geologic
investigation that documents Late Noachian growth of the
Coprates rise as an asymmetric fold. More comprehensive work
will lead to a mechanical analysis of the kinematic development
of the rise.

Four west-northwest-trending "rift" zones (intensely
faulted arches) spaced 150 to 200 km apart on higher parts of
the rise are characterized by closely spaced normal faults and
graben-and-horst structures (Nectaris Fossae) that are aligned
with the rift zones. Locally, fault scarps bound rift valleys
about 20 km across. Embayment by Upper Noachian materials and
advanced surface and impact-crater degradation (see prominent
85-km-diameter, pre-Late Noachian crater {A} in Fig. 1) suggest
that the rift zones are Early to Middle Noachian in age [4].
Two large massifs (not shown) about 50 km across in the
northern rift zones appear channeled and faulted; the northern
massif has a large, rimmed summit crater. These massifs may be
ancient volcanoes [4]. Irregular massifs {B, C} also formed
along the southern rift zones.

Interrift areas of the northern part of the Coprates rise
are covered by a complex of flat-lying plains and gently
sloping materials whose surfaces are locally marked by
channels, degraded craters, lava flows, and north-trending
wrinkle ridges and fault scarps. Ridged plains material embays
and buries these materials and structures on both sides of the
rise. Crater densities (where N(5) is the number of craters
having rim diameters larger than 5 km per 10° xm?) for the
ridged plains material (N(5)~200) indicate an age coincident
with the Noachian/Hesperian boundary, whereas the interrift
materials (which reflect the age of deformation) have a Late
Noachian crater age (N(5)~300) [5].

South of lat 26° S., strata were upturned on both sides of
the rise during the Late Noachian (prior to deposition of
ridged plains material). On the northwest side, a patch of
dissected crater-fill material {D} has been tilted toward the
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northwest and is embayed by a bed of ridged plains material
{E}. That bed is overlain by one or two more beds {F}, seen in
places on either side of the western part of the rift zone {G}.
The apparent tilting indicates at least local, modest (hundreds
of meters?) uplift of the Coprates rise and possibly some
growth or uplift of the southern rift zone relative to the
western plateau.

The sequence of upturned strata on the southeast side of
the rise is much more clearly seen. We have identified as many
as four or five layers in this sequence. These layers form
prominent hogbacks having well-defined dip slopes {H}; a lava-
flow origin is consistent with the layers' apparent resistance
to erosion and association with the southern rift zone.

Several sets of grooves, perhaps formed by erosion of joints,
cut the strata. The grooves connect with sinuous channels {I}
at their upper ends, indicating the runoff of ground water
after uplift; lower channel reaches have been buried by ridged
plains material {J}. The upslope edge of the lowermost
upturned layer forms a prominent (probably more than 100 m
high), linear scarp {K} that may be the result of normal
faulting. Another upturned bed {L} is exposed south of the
massif at {C}. Following the apparent normal faulting and
warping south of that massif, strata {M} were emplaced across
the southwest end of the Coprates rise (some embay the upturned
bed at {L}) and were later folded, faulted, and dissected. The
deep sculpturing of the strata suggests that they are easily
erodible (pyroclastic?) rocks. These deposits (and channels
that cut them) apparently issued from the rift zone {G}.

We conclude that the Coprates rise formed during the Late
Noachian by 2-4 km of asymmetric uplift (steeper on its east
flank). The timing is inconsistent with an origin by an early
impact, but it coincides in time with early Tharsis-centered
radial faulting at Syria Planum (about 2,500 km west of the
rise) [6]. The deformational history may be consistent with
thrust faulting or buckling of the lithosphere. Tectonism was
accompanied by volcanism, and such activity probably caused
runoff of ground water.

.
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Figure 1. Part of southern Coprates rise. Letters identify
features discussed in text. [Viking Orbiter image 610A42]
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INTERACTIONS OF TECTONIC, IGNEOUS, AND HYDRAULIC PROCESSES IN
THE NORTH THARSIS REGION OF MARS

P.A. Davis!, KL, Tanaka!, M.P. Golombel?, and J. Plescia® 'U.S. Geological Surv

S.G <y,
Flagstaff, Ariz. 86001; 2Jet Propulsion Laboratory, Pasadena, Calif. 91109.

Recent work on the north Tharsis region of Mars (lat 15° to 50° N., long. 80° to
120°) has revealed a complex geologic history involving volcanism, tectonism, flooding, and
mass wasting [1-8]. Our detailed photogeologic analysis of this region found (1) many
previously unreported volcanic vents, volcaniclastic flows, irregular cracks, and minor pit
chains; (2) additional evidence that volcanotectonic processes dominated this region
throughout Martian geologic time, and (3) the local involvement of these processes with
surface or near-surface water. Also, we have obtained photoclinometric profiles within the
region of troughs, simple grabens, and pit chains, as well as average spacings of pits along
pit chains. We have used these data, together with techniques described in [9-1 1], to estimate
depths of crustal mechanical discontinuities that may have controlled the development of these
features. In turn, such discontinuities may be controlled by stratigraphy, presence of water
or ice, or chemical cementation.

The trough depths indicate base levels of erosion at 0.4 km and 1.5 km. The
shallower depth, obtained on the Tempe Terra plateau, is close to the thickness range of the
Tempe Terra Formation in this region [12]. The 1.5-km trough depths, obtained within the
Tempe Terra and Alba Patera regions, are close to the average depth found for a widespread
discontinuity within the megaregolith in the equatorial region south of the current study area
[10]. This discontinuity may have involved ice, water, or chemical cementation.

The faulted-layer depths estimated from 172 graben measurements have a large range
(0.6 km to 7.2 km), similar to graben depths found in the equatorial region (0.4 km to 5.0
km [10]). The pit spacings have a narrower range between 0.8 km and 2.8 km. The
frequencies of both faulted-layer depths and pit spacings show concentrations at 1.4 and 2.0
km, which is in marked contrast to the unimodal (at 1.0 km) distribution obtained within the
adjacent equatorial region [10]. There is no obvious spatial correlation among faulted-layer
depth and elevation, latitude, or pit spacing in the north Tharsis region. However, the
average faulted-layer depth (within a 100-km radius) does increase logarithmically from 1.0
km near the base of Alba Patera to 3.5 km near its summit caldera, but the higher average
values have a large standard deviation. Despite this apparent relation, the faulted-layer depths
within 500 km of the Alba Patera summit cover the entire range of reported values and have
a random distribution.

The concentrations of faulted-layer depths and pit spacings at 1.4 km and 2.0 km and
of trough depths at 1.5 km, and the random areal distribution of these data, indicate at least
two widespread mechanical discontinuities (at about 1.4 km and 2.0 km) within the north
Tharsis region. Because these measurements were obtained on a variety of geologic units of
Noachian to Amazonian age, the discontinuities are probably independent of local geology
and geologic time. The model presented by [13] predicts the base of the proposed ice layer
to be 1.5 km to 2 km between lat 30° and 45° N. Our photogeologic analysis in this region
has found evidence for the existence of ground water or ice throughout recorded geologic
time. This evidence includes etched, channeled, and smooth units of Noachian age, lahars
and channeled pyroclastic(?) deposits of Hesperian age, and shallow fracture-controlled
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troughs in Tempe Terra and a braided channel system (Olympica Fossae) of Amazonian age
that originates from an enlarged crack of Ceraunius Fossae. The water that produced these
features may have been entrapped and possibly frozen in the megaregolith, and it may have
been released by magma heating with fractures acting as conduits. Small volcanic shields
formed along fractures at about the same time as the formation of the channels and troughs.

The depth to consolidated basement around Alba Patera may be 5-7 km, if we assume
a 3-4 km total accumulation of Amazonian volcanic material (based on elevation) and a 2-3
km average depth to basement in surrounding regions [10]. Thus, the greater depths (5-7 km)
indicated by graben measurements may correspond to the megaregolith-basement interface.

The drainage of pit chains in this region may have been facilitated by the opening of
tension cracks or dikes beneath particular grabens. This hypothesis is supported by the
simple geometry of the grabens; the formation of similar structures on Earth; photogeologic
evidence of lava flows emanating from grabens, fractures, and fissures; and mechanical
models and failure criteria relating the extension in the grabens to opening of the subsurface
cracks [14]. Collapse of the overlying poorly consolidated material into the widened tension
cracks would have been facilitated by hydraulic relaxation and subsidence of the magma.
Magma eruption near the pit chains may have been inhibited by the frozen ground.
Secondary subsurface erosion caused by turbulent flow of ground water along cracks may
have induced further collapse in places. At Tempe Terra, scalloped troughs indicate
coalescence of pits, perhaps due to mass wasting of icy slope material.

Calculations using measured pit volumes and pit chain lengths and a reasonable

estimate of tension crack width (25-90 m), based on the extension across faults bounding
grabens, indicate that cracks 1-3 km deep can provide the space for the material evacuated
from the pits. Cracks of these dimensions are reasonable on the basis of similarity in scale
to terrestrial analogs and simple failure criteria applied to Mars [14].
References: [1] Mouginis-Mark et al., 1988, Bull. Volcanol, 50, 361; [2] Gulick and Baker,
1990, 1. Geophys. Res. 95, 14,325; [3] Mouginis-Mark, 1990, Icarus 84, 362; [4] Scott and
Dohm, 1990, ijmn_u_@mﬂdﬂ&eni 503; [S] Tanaka, 1990, Proc. 20th Lunar
Planet, Sci. Conf,, 515; [6] Wise, 1979, U.S. Geol, Surv, Misc. Invest, Ser. Map [-1154;
[7] Witbeck and Underwood, 1984, Q.S._Gml._m_stg_InxcsL_Sﬂ._Man.LLﬁlA (8]
Scott and Tanaka, 1986, LLS._GQQLMM;&_InmL_S:L_Man_UBQZ_A [9] Golombek,
1979, ]. Geophys, Res, 84, 4657; [10] Davis and Golombek, 1990, 1. Geophys. Res. 93,
14,321; [11] Horstman and Melosh, 1989, ], Geophys. Res. 94, 12,433; [12] Frey and
Grant, L_G_egp_xs._m&i 14,249; [13] Rossbacher and Judson, 1981, Icarus 45, 39; [14]
Tanaka and Golombek, 1989, Mh_muhnﬂhs_ci._c_qnﬁ, 383.
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VALLES MARINERIS TECTONISM: QUESTIONS AND SUGGESTIONS
Baerbel K. Lucchitta, Mary G. Chapman, and Nancy K. Isbell, U.S. Geological Survey, Flagstaff,
Arizona 86001

Much has been learned about the Valles Marineris, and stratigraphic relations inside the troughs
have been reasonably well established. However, many questions remain, especially questions
pertaining to tectonism and origin.

What is the age of the troughs?

The central Valles Marineris troughs disrupted lavas of Lunae and Syria Plana of Early Hesperian
age [1]. Accordingly, they may be as old as Early Hesperian. The Noctis Labyrinthus troughs, which
disrupted Upper Hesperian or Amazonian lavas [2], may be of Early Amazonian age. An analysis of
shallow grabens that parallel the Valles Marineris and of wrinkle ridges that trend perpendicular to them
suggests that wrinkle ridges developed first, grabens second [3,4], and the Valles Marineris either at the
same time as the grabens or last [5,6], all perhaps in Early Hesperian time.

Interior layered deposits were emplaced on top of chaotic materials in the eastern and northern
troughs that merge with outflow channels of middle to Late Hesperian age. Therefore these troughs are
at least as old as the channels, but the deposits are younger.

Geologic relations suggest that some troughs may be split lengthwise into older segments filled by
interior layered deposits and younger segments that are devoid of interior layered deposits and locally
expose former plateau materials on their floors [7]. Hebes Chasma and the southern parts of Ophir,
eastern Candor, and Melas Chasmata appear to be older, as are the peripheral troughs that merge with
outflow channels. The northern parts of Ophir and eastern Candor Chasmata are younger, as may be
the entire length of the Ius and Tithonium, central Melas, and Coprates Chasmata system [8]. Overall,
the opening of the troughs seems to have had several episodes, extending in time from Early Hesperian
to Amazonian.

What is the evidence for tectonic origin?

Blasius et al. [9] advocated a tectonic origin for the troughs, because they lie on the flanks of the
Tharsis rise and are radial to its center, are paralleled by grabens, and are bounded by fault scarps
having triangular facets on truncated spurs. Yet, an erosional origin remained attractive because of an
apparent morphologic continuum between pit chains of probable erosional origin and large troughs. A
recent morphometric study comparing the width-to-depth relations of all the depressions in the area [10]
showed that a continuum between pit chains and large troughs does not exist, suggesting that the large
troughs probably formed through deep-seated coherent failure. However, our work in progress shows
that erosional back wasting from fault scarps on the major troughs may have played a significant role.
Thirty-two percent of the area of the troughs is attributable to such erosion. We are currently using a
digital terrain model of the troughs to calculate the volumes of the materials removed from the walls.

How do the Valles Marineris relate to the Tharsis rise?

Geophysical models indicate that isostatic adjustment of the Tharsis rise would have caused
circumferential tensile stresses in the western part of the Valles Marineris, whereas external loading
(flexing the elastic lithosphere downward) would have caused such stresses in the eastern chasmata [11-
15]. Thus, these stress models require two distinct events. The different ages of the troughs as
outlined above do not agree with an age difference between western and eastern troughs. Perhaps local
structural inhomogeneities perturbed the regional stress system.

The Valles Marineris are paralleled by shallow, east-trending grabens that are part of graben
systems radial to Tharsis. However, the sector north of the Valles Marineris is almost devoid of such
grabens. It appears that the Tharsis stresses at Valles Marineris were released by a few major, deep
faults rather than by distributed shear.
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The structural relief of the Valles Marineris, which is 8-10 km throughout the central troughs,
decreases uniformly eastward to 3-5 km in Coprates Chasma. This decrease would indicate less strain
toward the outer periphery of the Tharsis rise, but the stress models do not predict this decrease. The
discrepancy is not yet explained.

The amount of strain on the Valles Marineris also depends on the attitude of fault planes. Carr [16]
postulated near-vertical planes, whereas Golombek and Davis [17] found planes with dips near 60°.

We are currently studying fault-plane attitudes by mapping fault traces on stereophotogrammetric
models across areas of high relief.

What additional factors may have influenced the origin of the Valles Marineris?

Carr [16] mentioned that the location of the troughs may be related to subterranean aquifers. The
4-km contour on the plateau adjacent to the Valles Marineris coincides approximately with the
appearance of chaotic materials in the eastern (Capri, Eos, and Gangis) and northern (Juventae)
chasmata that merge with channels. This observation suggests that an aquifer is intersected near the 4-
km-elevation horizon. Perhaps subterranean water, transported from the Tharsis center toward the
outflow channels along the Valles Marineris, may have increased the pore pressures and lowered the
strength of the crust, permitting failure to occur more readily.

The Valles Marineris lie along the crest of a regional, elongated topographic bulge extending
eastward from Tharsis. Wise et al. [18] suggested that the troughs represent a "key-stone” collapse of
the crest of this bulge, formed by the extension accompanying arching. Alternatively, the elongated
bulge may have formed from isostatic rebound after trough formation. Another explanation for both
arching and rifting is aborted plate tectonism [19]. However, most terrestrial rifts have many parallel
faults in en echelon patterns that taper out along strike, and the rifted beds are tilted. By contrast, the
Valles Marineris faults are more widely spaced, trough ends are blunt, fault planes appear to be steep,
and tilted beds are relatively few. Perhaps the difference is due to a thicker or more homogeneous
crust on Mars than commonly occurs in rift zones on Earth [19].

References: [1] Scott, D.H., and Tanaka, K.L. 1986. U.S. Geol. Surv. Misc. Inv. Ser. Map 1-1802-A,
scale 1:15,000,000. [2] Tanaka, K.L., and Davis, P.A. 1988. J. Geophys. Res. 93, 14893-14917. (3]
Watters, T.R., and Maxwell, T.A. 1983. Icarus 56, 278-298. [4] Watters, T.R., and Maxwell, T.A.
1986. J. Geophys. Res. 91, B8113-B8125. [5] Schultz, R.A. 1989. Lunar and Planetary Science XX,
974-975. [6] Schultz, R.A. 1989. MEVTV Workshop on Tectonic Features on Mars (Washington,
D.C., April 20-21, 1989), 21-22. [7] Lucchitta, B.K., and Bertolini, L.M. 1989. Lunar and Planetary
Science XX Conference, 590-591. [8] Schultz, R.A. Lunar and Planetary Science XXII, in press. [9]
Blasius, K.R., Cutts, J.A., Guest, J.E., and Masursky, Harold. 1977. J. Geophys. Res. 82, 4067-4091.
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9723-9733. [12] Willemann, R.J., and Turcotte, D.L. 1982. J. Geophys. Res. 87, 9793-9801. [13]
Sleep, N.H., and Phillips, R.J. 1985. J. Geophys. Res. 90, 4469-4489. [14] Phillips, R.J., Sleep,
N.H., and Banerdt, W.G. 1990. J. Geophys. Res. 95, 5089-5100. [15] Banerdt, W.B., Golombek,
M.P., and Tanaka, K.L. In Mars, Kieffer, H.H., Jakosky, B.M., Snyder, C.W., and Matthews, M.S.,
eds., University of Arizona Press, in press. [16] Carr, M.H. 1981. The Surface of Mars. 232 pp.
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EXTENSION AND STRAIN IN NORTHERN THARSIS; J. B. Plescia, Jet
Propulsion Laboratory, California Institute of Technology, Pasadena, CA, 91109

The northern areas of Tharsis. south of Alba Patera. are remarkable in that they
are dominated by extensive, generally north-trending graben. Some graben are small
isolated features whereas others are complex overlapping features in which individual
fault pairs are impossible to separate. This pattern indicates an east-west extensional
stress regime, consistent with stress models for Tharsis [1].

To estimate the regional east-west extension and strain, graben along a profile at
35°N latitude, between longitudes 135° and 93° were studied. This profile (about 1800
km long) was chosen because the graben have a northerly trend, the structures are
relatively simple, the profile is anchored to ancient Noachian age crust, and high
resolution images are available. The western end of the profile begins at Acheron Fossae
(long. 135°W) and ends in the east at the southwestern part of Tempe Fossae (long.
93°W. Plains units cut by the graben include Hesperian- and Amazonian-age members
of the Alba Patera and Ceraunius Fossae Formations [2,3,4]. The ages of the faults have
been studied [4]; all are Stage lll faults--early Amazonian (700-1800 my) in age.

Study of graben morphometry allows an estimation of the extension and strain.
Martian graben are almost certainly similar in nature to terrestrial graben--i.e.,
brittle extension of the crust along normal faults dipping at about 60° toward the center
of the graben [5,6]. For each graben the width and depth were measured. Using this data
and assuming a 60° fault dip, the extension and the thickness of the faulted layer (the
depth at which the graben-bounding faults intersect) were calculated. Depth
measurements were obtained by use of shadow measurements and photoclinometry [7].
Shadow measurements were derived using the solar incidence angle at the location of the
measurement (obtained from SEDR data) and counting shadowed pixels. The length of the
shadow could be overestimated by a maximum of 2 pixels, though 1 pixel is probably a
better limit. Typical incidence angles were 70° and typical pixel scales were 75
m/pixel, resulting in an uncertainty of 25 m in the estimated depth. For those graben
that did not have shadows, photoclinometric profiles were used to estimate depths.
Corrections for atmospheric haze were determined for each frame from true shadows
elsewhere in the scene. Photoclinometric depths have an uncertainty of about 10-15%

(8].

Observed wall slopes were considerably less than the 60° fault dip assumed. The
difference between the observed and expected slopes indicate that either the walls have
been subjected to scarp erosion or the controlling faults have a low dip. Scarp retreat
would be expected in any geologic environment and is observed for terrestrial, lunar,
and martian graben; whether the faults are shallower than expected is unknown, but
estimates for normal faults elsewhere on Mars [6] suggest that they have steep dips near
60°. If however, the faults do dip at a more shallow angle, then the amount of extension
across the graben would be greater than that estimated here (about a factor of 5 for a
20° dipping fault).

Data were collected within 2°-3° latitude of 35°N and averaged for each graben.
Average measured graben widths ranged from 979 to 8661 m with a mean value of 3652
m; graben depths ranged from 10 to 636 m with a mean value of 117 m. The
corresponding extension ranged from 11 to 734 m with a mean value of 135 m. Total
cumulative extension along the profile amounts to 8062 m and would correspond to a
regional strain of 0.0045 (0.45%). This value is a minimum because data was not
obtained for a few small graben and a 60° fault dip was assumed; the addition from the
other grabens is negligible; but shallower fault dips would produce a corresponding
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increase in the extension. The thickness of the faulted layer varies across the region,
ranging from about 848 to 7500 m. The morphometry of the graben are not uniform
along the profile. Graben along the eastern and western ends of the profile (west of 115°
and east of 100°) are narrow (<3000 m), shallow (<150 m) and with small extension
(<100 m). Between 115° and 100° (maximum at about 109°) the graben are much
larger; widths up to 8000 m, depths in excess of 500 m, and extensions in excess of
500 m occur in a narrow band. Within this central zone, strains (as calculated from the
individual graben extension and the preextension graben width) range from 2 to 9%,
compared with 2% or less to the east and west. The thickness of the faulted layer is also
at a maximum near longitude 110°, about 3-7 km whereas to the east and west it is
much shallower at about 2 km.

Extension, strain, and morphology all vary across the profile with the extremes
occurring in the center near longitude 110°. This region has clearly experienced
considerably greater deformation than adjacent areas and could reflect either a variation
in the stress field or the response of the material. This area lies directly north of the
intensely fractured Ceraunius Fossae area--a locally high area extensively cut by
north-trending graben (Stage I faulting; 3-3.5 by [4]). The geology would suggest that
many of the young faults examined here are a reactivation of older structures now buried
by the volcanic plains.

Morphometric data for graben at 35°N between longitudes 135° and 93¢ indicate
post early Amazonian cumulative east-west extension of about 8062 m corresponding to
a regionally averaged extensional strain of 0.45%. Extension and strain are at
concentrated near longitude 110°W where local strains in excess of 5% are observed.
All of the extension is oriented in an east west direction.

References: [1] Banerdt, W. B., Golombek, M. P., and Tanaka, K .L., 1990, Stress and
tectonics on Mars, Mars, University of Arizona Press. [2] Scott, D. A., Tanaka, K. L.,
and Schaber, G. G., 1981, U. S. Geological Survey Map |-1278. [3] Scott, D. A., Tanaka,
K. L., and Schaber, G. G., 1981, U. S. Geological Survey Map 1-1276. [4] Tanaka, K. L.,
1990, Proc. 20th Lunar Planet. Sci. Conf., 515-523. [S] Golombek, M. P., 1979, J.
Geophys. Res., 84, 4657-4666. [6] Davis, P. A., and Golombek, M. P., 1989, J.
Geophys. Res., 92, 14231-14248. [7] Davis, P. A., and L. A. Soderblom, J. Geophys.
Res., 89, 9449-9457, 1984. [8] Tanaka, K. L., and P. A. Davis, J. Geophys. Res., 93,
14893-14917, 1988.

Figure Captions: Upper panel shows the cumulative extension across the profile. Crosses
represent values for individual graben. Extension is expressed in an east-west direction
having been corrected for the strike of the graben. Lower panel shows the amount of
extensional strain across individual graben as a function of longitude.
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VALLES MARINERIS, MARS: ARE PIT CHAINS FORMED BY EROSION AND TROUGHS
BY TECTONISM?; B.K. Lucchitta, R.A. Balser, and L.M. Bertolini,
U.S. Geological Survey, Flagstaff, AZ 86001.

The origin of the Valles Marineris remains controversial. Erosional
[1], tectonic [2], and hybrid processes [3] have been proposed. Erosional
processes appeared attractive because a morphologic continuum was thought
to exist from pit chains of probable erosional origin to larger troughs.
Schultz [4], however, refuted the existence of this continuum. To clarify
these contradictions, we compared the widths and depths of pit chains and
troughs and found that the features do not form a continuum. Rather,
results are consistent with the hypothesis that pit chains formed by
surficial collapse and troughs by deeper seated and coherent failure.

We classified by inspection all pit chains and linear depressions in
the Valles Marineris region into six morphologic categories: (1) pit
chains (linear arrays of small pits), (2) floored chains (arrays of pit
chains having flat or hummocky floors), (3) scalloped troughs (wider linear
depressions with scalloped wall segments), (4) narrow troughs (depressions
of intermediate width with straight wall segments), (5) wide troughs
(broad, linear depressions), and (6) chaotic troughs (more irregular
depressions displaying some channel morphologies). We drew topographic
profiles across the classified depressions at each degree of longitude
between long 45° and 90°, on the basis of 1:2,000,000-scale topographic
maps of MC 18 NW [5] and 18 NE and SE (work in progress). For each
profiled depression, we determined the erosional width between plateau
margins, the depth from the surrounding plateau level to the deepest part,
and the geologic unit (modified from Witbeck et al. [6]) exposed at the
deepest point.

Depths and widths are shown in Figs. 1 and 2. Fig. 1 shows
measurements of all troughs. Fig. 2 is the same but with omissions of
three types: (1) chaotic troughs, which are genetically linked to outflow
channels; (2) troughs east of long 61°, which are transitional to chaotic
troughs; and (3) troughs whose maximum depth is not likely to reflect the
approximate structural depth because of thick fill from landslides or
interior deposits.

Results of the study, as deduced from the figures, are as follows:

1. Pit chains, floored chains, and scalloped troughs lie along a
continuously ascending trend that suggests a common origin.

Surficial erosional collapse into linear subsurface voids or tension cracks
(3] is compatible with this observation. The limiting depths of about 4 km
may be due to a discontinuity at that depth or to restricted size of the
underlying voids.

2. Narrow and wide troughs form a continuum that suggests their
formation by similar processes. The straight scarps bordering these
troughs suggest control by faulting rather than surficial collapse.

3. A gap in data occurs at widths of 20-35 km, separating pit chains,
floored chains, and scalloped troughs from narrow and wide troughs. Only
two transitional points are located within this gap. The gap suggests an
abrupt change in physical conditions or processes. Apparently, deep-
seated, more coherent failure was activated for troughs wider than about
35 km.




4. Most troughs bottom out at 8-9 km regardless of width, perhaps
implying a controlling discontinuity or limit in the amount of extension.
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MARTIAN SEISMICITY THROUGH TIME FROM SURFACE FAULTING
M. Golombekl, K. Tanaka2, W. Banerdtl, and D. Trallil, 1]et Propulsion

Laboratory, Caltech, Pasadena, CA 91109, 2U. S. Geological Survey, Flagstaff, AZ
86001.

An objective of future Mars missions involves emplacing a seismic
network on Mars to determine the internal structure of the planet. An
argument based on the relative geologic histories of the terrestrial planets
suggests that Mars should be seismically more active than the Moon, but less
active than the Earth (e.g., 1). Although the Viking 2 seismometer failed to
detect a marsquake, the poor sensitivity of the instrument (on the lander) does
not preclude Mars from being a seismically active planet (2). In addition,
calculations (1) indicate that stresses induced by cooling of the martian
lithosphere through time should give rise to marsquakes that exceed the
occurrence of high-frequency teleseisms on the Moon (28 events in 5 years)
thought to be similar to tectonic earthquakes (3). The seismic moment Mo, is
defined as, Mo=SA, for slip (S) over a fault of area A, and rigidity p. Therefore
measuring the slip across a fault of known or estimated area allows a
determination of the seismic moment, which can be related to the magnitude of
an equivalent earthquake, assuming an appropriate moment-magnitude
relationship. In this abstract, we estimate the seismicity expected on Mars
through time from slip on faults visible on the planet's surface. These estimates
of martian seismicity must be considered a lower limit as only structures
produced by shear faulting visible at the surface today are included (i.e., no
provision is made for buried structures or non-shear structures); in addition, the
estimate does not include seismic events that do not produce surface
displacement (e.g., activity associated with hidden faults, deep lithospheric
processes or volcanism) or events produced by tidal triggering or meteorite
impacts. Calibration of these estimates suggests that Mars may be many times
more seismically active than the Moon.

Tectonic features on Mars are preferentially found around the Tharsis
region, which covers the entire western hemisphere of Mars. Tharsis faults
formed mainly during two tectonic periods (4, 5), one during Late
Noachian/Early Hesperian and the other during Late Hesperian/Early
Amazonian. A recent review of martian structures (6) defines a number of
tectonic features that formed by shear faulting. The most common tectonic
feature is the simple graben, which is bounded by two inward dipping normal
faults with dips of about 60° (7). The widths of the structures and geometrical
considerations indicate that on average the bounding faults extend down dip
about 2.5 km, and have experienced 150 m of slip (8). We have estimated the
faulting on narrow grabens from a data set (9) that includes the locations and
lengths of all visible grabens (about 7000), about half of which formed during
each of the two tectonic periods. Larger grabens and rifts that involve more of
the lithosphere (proportional to their width) also are found on Mars, principally
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in Valles Marineris, Thaumasia, Tempe Terra, and Alba. Faults bounding the
Thaumasia graben, which formed during the Late Hesperian/Early Amazonian
period and canyons in Valles Marineris, which formed during both periods are
likely to extend through the entire brittle lithosphere, which is about 40 km thick
(6); slip was estimated from the observed topographic relief (4-8 km for Valles
Marineris; 1.5 km for the Thaumasia graben). Grabens at Alba and Tempe Terra
are narrower, probably involving the upper 5-10 km of the lithosphere. Grabens
at Alba formed mostly during the Early Amazonian and have experienced 0.2-0.5
km of slip. Tempe Terra rifts are about 0.5 km deep and formed in the Late
Noachian. Lengths of the faults were measured directly from surface maps.

Abundant compressional wrinkle ridges around Tharsis formed during
the Early Hesperian. Interpretations of the subsurface structure of ridges include
folds above reverse faults that extend a couple of kilometers deep (10). We
applied a recent model (11) that infers subsurface thrust faults dipping about 30°
that extend 5 km down dip with about 150 m of slip to the lengths of about 2000
ridges around Tharsis (9). In addition, we measured the length and average
width (inferred depth) of Middle and Late Amazonian grabens, to derive fault
areas and slips for these two youngest time periods. Caldera collapse also was
included in the measurements of Late Amazonian activity, because a detailed
seismologic study (12) on Earth shows that it occurs by an equivalent shear
process, producing fairly large earthquakes. We measured the length of circular
caldera faults on the tops of Olympus, Ascraeus, Pavonis and Arsia Mons,
assumed the faults extend 10 km deep (13) and estimated slip from present relief
(14). We assumed a p of 1011 dyne/cm2, based on likely properties of the outer
layers of Mars (4), to calculate the total accumulated moment for each of the 4
time periods discussed above.

The total moment in each time period was divided by its duration, based
on two crater/absolute age time scales (e.g., 15) to produce a plot of seismic
moment release per year (Mo/yr) through time. M,/yr was greatest during Late
Noachian/Early Hesperian period of Tharsis deformation at 1.5-3.7x1023 dyne-
cm/yr, decreasing to 1x1023-5.1x1022 dyne-cm/yr during the Late Hesperian/Early
Amazonian Tharsis deformation period, and to 1.7x1022-4.7x1021 dyne-cm/yr
during the Middle and Late Amazonian periods. My/yr during the first two
periods is dominated by that contributed from Valles Marineris faults, which
have large slip, depth and length. The decrease in My/yr appears to follow an
exponential decay toward the present, which argues that Mars is nearly as
seismically active today as it has been for the entire Late Amazonian. The best
estimate for the present, inferred for the Late Amazonian, or the past 250 m.y. is
1.3x1022 dyne-cm/yr. Assuming a moment-frequency distribution (16) similar to
oceanic intraplate earthquakes allows determination of the number of
marsquakes of a given moment per year. Results suggest hundreds of
marsquakes of moment 1016 dyne-cm per year, about 1 marsquake of moment
1020 dyne-cm per year, and thousands of years between marsquakes of moment
1026 dyne-cm.
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On the Earth, seismic activity is distributed over a range of earthquake
magnitudes, described by the empirical relation log N = a-bm, where N is the
number of earthquakes larger than magnitude (m). The slope of the curve b is
0.9 for intraplate oceanic earthquakes (16). If we assume the largest marsquake is
equivalent to a magnitude 6 earthquake, based on the largest shallow
moonquake (17), the largest intraplate oceanic earthquake (18), and the smallest
teleseismic marsquake likely to have been detected by Viking 2 (2), and we
assume b = 0.9, we can calculate a distribution of marsquakes per year from
M,/yr, assuming a moment-magnitude relationship of the form log Mo=A+Bm
(B=2.35; A=11.71 [body-wave] for intraplate oceanic earthquakes; 18). The most
likely present seismic moment release rate of 1.3x1022 dyne-cm/yr results in
recurrence intervals of 435, 55, 7, and 1 yrs for equivalent body-wave magnitude
5-6, 4-5, 3-4, and 2-3 earthquakes on Mars, respectively. (A number of factors
argue that an equivalent magnitude 4 earthquake on Mars would be similar in
detectability to a magnitude 5 earthquake on the Earth [1].) Whereas, 7 years
might be considered a long time to wait for an equivalent body-wave magnitude
3-4 earthquake on Mars, it must be remembered that these estimates are likely
minima. For example on Earth, substantially more earthquakes occur without
surface breaks than those that do produce faulting at the surface. If there are 100
earthquakes of a given magnitude without surface breakage for each earthquake
with surface breakage, then these estimates predict about 2, 15, and 115
equivalent body-wave magnitude 4-5, 3-4, and 2-3 per year, respectively, on Mars
at present. By way of calibration, we extrapolated the total moment release on
the Moon at present from all observed grabens, which formed from 3.8-3.6 b.y.
and mare wrinkle ridges, which formed from 3.6-3.0 b.y.; results predict a rate of
moment release about 1000 times below that observed (1022 dyne-cm/yr [17, 20)).
If our estimates for Mars are similarly low, then Mars could have of order 100
marsquakes of equivalent 3-6 Earth magnitude per year (about 2 per year of
magnitude 5-6), which presents a promising prospect for future missions to
Mars. These calculations predict a present day moment release for Mars of about
1025 dyne-cm/yr, which agrees with theoretical lithospheric cooling calculations
for Mars (1, 19) and is midway between the total moment release (20) for the
Moon (1022 dyne-cm/yr) and the Earth (1029 dyne-cm/yr) as would be expected.

References: (1) Solomon, Phillips, Okal et al. 1991 Mars Seis Net Wkshp Rpt. (2)
Anderson et al. 1977 JGR 82, 4524, Goins & Lazarewicz 1979 GRL 6, 368. (3) Nakamura et
al. 1979 PLPSC 10th 2299, Nakamura 1980 PLPSC 11th 1847. (4) Tanaka, Golombek &
Banerdt 1991 sub JGR. (5) Scott and Dohm 1990 PLPSC 20th, 487. (6) Banerdt, Golombek
& Tanaka 1991 "Stress and Tectonics on Mars", UA, Mars (7) Davis & Golombek 1990 JGR
95, 14231. (8) Tanaka & Davis 1988 JGR 93, 14893. (9) Watters & Maxwell 1983 Icarus 56,
278. (10) Plescia & Golombek 1986 GSA Bull 79, 1289, Watters 1988 JGR 93, 10236. (11)
Golombek et al. 1991 PLPSC 21st. (12) Filson et al. 1973 JGR 78, 8591. (13) Zuber &
Mouginis-Mark 1990 NASA TM 4210, 389, Thomas et al. 1990 JGR 95, 14345. (14)
Mouginis-Mark 1981 PLPSC 12th 1431, Pike 1978 PLPSC 9th 3239. (15) Tanaka 1986
PLPSC 17th E139. (16) Bergman & Solomon 1980 JGR 85, 5389 and pers. com. 1991. (17)

Oberst 1987 JGR 92, 1397. (18) Bergman 1986 Tectonophys 132, 1. (19) Phillips & Grimm
1991 LPSci XXII 1061. (20) Goins et al. 1981 JGR 86, 378.
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A 40"' DEGREE AND ORDER GRAVITATIONAL FIELD MODEL FOR MARS

M.T. Zuber', D.E. Smith', F.J. Lerch', R.S. Nerem’, G.B. Patel?, and S.K. Fricke’, ‘Laboratory for Terrestrial
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MD 20706; 3RMS Technologies, Inc., Lanham, MD 20706.

Understanding of the origin and evolution of major physiographic features on Mars, such as the
hemispheric dichotomy and Tharsis rise, will require improved resolution of that planet’s gravitational and
topographic fields. The highest resolution gravity model for Mars published to date {1] was derived from
Doppler tracking data from the Mariner 9 and Viking 1 and 2 spacecraft, and is of 18t degree and order.
That field has a maximum spatial resolution of approximately 600 km, which is comparable to that of the
best current topographic model [2]. The resolution of previous gravity models was limited not by data
density, but rather by the computational resources available at the time. Because this restriction is no
longer a limitation, we have re-analyzed the Viking and Mariner datasets and have derived a gravitational
field complete to 40th degree and order with a corresponding maximum spatial resolution of 300 km
where the data permit.

Derivation of the field was based on analysis of 235 orbital arcs consisting of 1200 days of S-band
Doppler tracking data from the Mariner 9 and Viking 1 and 2 spacecraft, collected by the Deep Space
Network from 1971-1978. The data were processed using the GEODYN/SOLVE orbit determination
programs. These programs, which have previously been used in the determination of a series of standard
Earth gravitational models (the *“GEM" models [cf. 3]), have recently been adapted for analysis of planetary
tracking data [4].

The Martian gravitational potential at spacecraft altitude was represented in spherical harmonic
form [5]

_ N | / (1)
Vi) = 2 Y ( ) P, (sing) [C,,cosmr + S, sinmA]
-0 m=0

where I isthe position vector of the spacecraft in areocentric coordinates, r is the radial distance from

the center of mass of Mars to the spacecraft, ¢ and A are the areocentric latitude and longitude of the
spacecraft, r,, is the mean radius of the reference ellipsoid of Mars, G is the gravitational constant, M, is
the mass of Mars, P, _ are the normalized associated Legendre functions of degree / and order m, C,,and
S\, are the normalized spherical harmonic coefficients which were estimated from the tracklng
observations to define the gravitational model, and N is the maximum degree representing the size (or
resolution) of the field. The gravitational force due to Mars which acts on the spacecraft corresponds to
the gradient of the potential, V... In our analysis, the origin of the field was taken to be the center of mass
of Mars, which required that (5‘ o=1and §y=C,,=C,,=S,,=0.

To determine the field, orblts were computed for each arc by estimating from the tracking data
the initial position and velocity of the spacecratft, along with the atmospheric drag, solar radiation pressure,
and Doppler tracking biases. After the arc solutions were iterated to convergence, information equations
were created for each arc by evaluating the partial derivatives of the observations with respect to the arc
parameters and gravity coefficients along each arc. The gravitational model was then found by adding
together the information equations for each arc and solving the resulting linear system. The dominant error
sources in the model are the uncertainties in the spacecraft orbits, which are affected by the tracking
coverage as well as the assumed models of atmospheric drag and solar radiation pressure, and
perturbations caused by spacecraft angular momentum desaturations. Details of the treatment of these
parameters are discussed in [4]. As in previous analyses [e.g. 1}, we imposed a priori constraints on the
model based upon Kaula’s Rule [5] rescaled to Mars, which causes poorly observed (usually high degree
and order) coefficients to tend toward zero, but has little effect on coefficients that are well sensed by the
tracking data [3,6].

Error analyses based on the observation data demonstrate that the new field is characterized by
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a significantly better rms orbital accuracy (=0.212 cm s™ ) than previous models ([1]=0.535 cm s™'). In
addition, the field shows a greater resolution of identifiable geological structures. Free air gravity
anomalies calculated from the most recent iteration of the model, MGM-515, are plotted in Figure 1. As
for previous models, the gravity anomalies correlate well with principal features of Martian topography,
indicating either that topography is only partially compensated, or that deep-seated mantle processes are
responsible for both the topography and gravity [7]. For the current model, gravity anomalies associated
with essentially all major features, including volcanic shields, impact basins and the Valles Marineris, show
considerably higher magnitudes than in previous models. A higher dynamic range of power (2100 m vs.
1950 m for [1]) is also observed in the geoid representation of the field. Figure 1 also shows a possible
trend along the hemispheric dichotomy of Mars in the longitude range 120°< A <240°. Free air anomalies
across the dichotomy boundary would be inconsistent with a simple model of isostatic compensation due
to a change in crustal thickness across the boundary, such as suggested by [8]. However, detailed
modeling of individual arcs which cross the boundary in areas spatially removed from the influence of
Tharsis and Elysium will be required to more accurately resolve the nature of the gravity signature of this
feature.

References: [1] Balmino, G., B. Moynot, and N. Valés, J. Geophys. Res., 87, 9735-9746, 1982. [2] Bills,
B.G., and A.J. Ferrari, J. Geophys. Res., 83, 3497-3508, 1978. [3] Marsh, J.G,, et al., J. Geophys. Res., 93,
6169-6125, 1988. [4) Smith, D.E., F.J. Lerch, J.C. Chan, D.S. Chinn, H.B. Iz, A. Mallama, and G.B. Patel,
J. Geophys. Res., 95, 14115-14167, 1990. [5] Kaula, W.M., Theory of Satellite Geodesy, 124 pp., Blaisdell,
Waltham, 1966. [6] Lerch, F.J., et al., NASA TM 100713, 1988. [7] Phillips, R.J., and K. Lambeck, Rev.
Geophys., 18, 27-76, 1980. [8] Phillips, R.J., EOS Trans. Am. Geophys. Un., 16, 389, 1988.
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Figure 1. Free air gravity anomalies computed from Mars Gravity Model (MGM) 515 to 40x40. The contour
interval is 50 mgals.
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SO,-RICH EQUATORIAL BASINS AND EPEIROGENY OF IO
Alfred S. McEwen, U.S. Geological Survey, Flagstaff, AZ 86001

OBSERVATIONS

Comparison of Io’s large-scale topography (Gaskell et al.,
1988) with an SO,-abundance map (McEwen et al., 1988) shows that SO,
is concentrated in equatorial topographic basins. In these basins,
about 30% of the surface is covered by SO, at all elevations above
the mean triaxial figure, and SO, coverage increases with
decreasing elevation to as much as 56% at elevations below -1.5 km.
The correlation is not good from long 240° to 360° where bright
areas are covered by red, Pele-type plume fallout, and in the polar
regions where the topography is poorly known. The histogram of SO,
abundance binned by elevation appears bimodal, with a secondary
concentration of SO, at high elevations, but it is not certain that
this is significant.

Additional observations suggest that the Dbasins have
relatively little higher frequency topographic relief. The Loki
basin was covered by Voyager high-resolution (1 km) images; the
U.S. Geological Survey map (1987) shows this region to be devoid of
large mountains or other rugged topographic features. Tectonic
features and aligned volcanoes are concentric to the Loki basin
(Schaber et al., 1989). In addition, limb images indicate that the
Colchis Regio basin has little relief at scales greater than about
4 km (McEwen et al., 1989).

The distributions of active plumes and hotspots show no
obvious correlation with the topography. However, the large Pele-
type plumes (Pele, Surt, and Aten) all erupted from regions higher
than the mean figure, and five of the eight Prometheus-type plumes
erupted from regions below the mean figure. Pele-type eruptions
are more energetic and are associated with high-temperature (600 K)
hotspots, whereas Prometheus-type plumes are long lived and require
large volatile (SO,) reservoirs (McEwen and Soderblom, 1983). The
hotspot distribution shows no clear pattern in relation to the
topography, but one cannot rule out their concentration near the
margins of basins and swells, similar to the pattern of recent
volcanism and enhanced heat flow around the margins of the Colorado
Plateau (e.g., Keller et al., 1979). However, possible plateau
margins are difficult to locate in the Io topographic dataset
because of the sparse and irregular datapoint distribution.

MODELS OF HEAT FLOW AND UPLIFT

The pattern of alternating basins and swells in Io’s
equatorial region (Gaskell et al., 1988) is similar to the pattern
expected if tidal heating in a thin asthenosphere controls the
elevation (Segatz et al., 1988). A key question concerning the
SO,/topography relation is whether heat flow increases or decreases
with elevation. Gaskell et al. (1988) proposed that broad uplifts
are due to increased heat flow and lithospheric thinning, as has
been documented and modeled for broad uplifts on Earth, both
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oceanic and continental (Crough and Thompson, 1976; Morgan, 1983;
many others). Gaskell et al. applied a simple 1lithospheric
thinning model (from Morgan and Phillips, 1983) to Io and showed
that epeirogenic movements of *1 km could be explained. This model
includes only a lithosphere and asthenosphere, with no
differentiated crust. 1Inclusion of a crust has little effect on
uplift unless thinning progresses into the crust (Morgan, 1983).
Ross et al. (1990) interpreted literally this model
simplification (with no crust) and rejected it because of evidence
that Io should be differentiated, and because this model did not
seem consistent with the polar topography (even though the polar
topographic data are poorly constrained). They proposed that the
basins correspond to areas of higher heat flow, but they did not
explain how increased heat flow could lead to lower elevations.
Their model (Fig. 6 cartoon) shows a thick "differentiated
lithosphere" (i.e., crust with no thermal lithosphere) under
topographic highs with a large embayment into the underlying
asthenosphere, and a thin lithosphere in topographic lows with an
embayment of asthenosphere into the lithosphere. Why would there
be a thicker crust over areas of lower asthenospheric heat
production? The opposite relation 1is expected, because the
increased magmatic differentiation should thicken the crust over
areas of higher asthenospheric heat production. Furthermore, magma
production and rise is expected to result in warming and thinning
of the lithosphere (or crust), resulting in epeirogenic uplift. If
Io’'s long-wavelength topographic pattern is related to
asthenospheric tidal dissipation, then the cause-and-effect
relation must be that the pattern of tidal heat production
determines the topography. The model of Ross et al. suggests that
any correspondence between topography and asthenospheric heat flow
is coincidental, thus negating their conclusions about
asthenospheric versus mantle tidal heating rates. '

WHY IS THE SO, CONCENTRATED IN BASINS?

Cold trapping probably concentrates SO, frost in optically
thick patches (cf. McEwen et al., 1988). There must be some
initial mechanism to produce brighter (and colder) surfaces before
cold trapping is effective. To preferentially concentrate SO, in
the basins, either the cold traps are preferentially initiated in
the basins or frost deposits are preferentially removed from the
highlands (or both).

The behavior of sulfur flows suggests one possible mechanism
for initiating cold traps in basins. Sulfur lava flows may cover
extensive lowland areas on Io (e.g., the basin west of Pele; see
Schaber et al., 1989). As sulfur flows cool and age in near-vacuum
conditions they become bright white (Nash, 1987), thus initiating
cold traps for atmospheric/volcanic SO,.

Alternatively (or additionally), SO, may be concentrated in
basins because the frost deposits are removed or buried more
frequently in the highland regions. Io’s SO, is probably delivered
to the surface via volcanic outgassing, so we might expect to see
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greater concentrations of SO, near volcanically active areas.
However, the increased heat flow associated with active volcanism
might also serve to volatilize and remove surface SO,, or the SO,
could be buried by other volcanic deposits. The result could be
that we see SO, everywhere, but it is patchy and transient in the
more volcanically active, topographically elevated regions, whereas
cold traps in the basins are long lived so the SO, becomes
optically thick and extensive. Perhaps the secondary SO,
concentration at high elevations is due to volcanic outgassing.
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STRUCTURAL GEOLOGY AND GEOLOGICAL HISTORY OF THE PERRINE AND NUN SULCI
QUADRANGLES (Jg-2 AND Jg-5), GANYMEDE.
George E. McGill, Department of Geology and Geography, University of Massachusetts,
Amherst, MA, and Steven W. Squyres, Center for Radiophysics and Space Research,
Cornell University, Ithaca, NY.

Structural Geology: Grooves are the dominant structural features on Ganymede. While
single grooves are found in many areas, it is somewhat more common to find them
grouped together in groove sets —— groupings of grooves with common structural
trends. Grooves In sets are often nearly parallel, but fan-shaped sets are also
observed. Groove spacing can vary substantially from one groove set to another, but
within a given set tends to be more nearly constant. Sets may intersect with one
another in complex crosscutting relationships, and the central region of Jg—-5 is one
of the most complicated on Ganymede in this regard. Where one groove set crosscuts
another, no trace of the cut groove set is generally observed within the crosscutting
set. There are a few exceptions to this rule, however, as at 40°N, 314°W. The
boundaries of groove sets are often marked by particularly long and deep grooves, and
the boundary between light and dark terrain is commonly marked by a single groove,
or by a groove set that lies in the light terrain and parallels the boundary.

It is generally believed that the grooves on Ganymede are extensional features
(Smith et al., 1979a, b; Squyres, 1980; Parmentier et al., 1982). Thelr underlying
geologic nature cannot be determined from Voyager images, however. Itappears likely
that they are grabens, but the images are insufficient to rule out the possibility that
they are modified extension fractures or some kind of ductile necking features. The
interpretation of grooves (and groove sets) as extensional features leads to
interesting possible interpretations of some structural relationships. One common
relationship among grooves occurs where a groove set terminates abruptly against a
single groove or groove set that runs transverse to it. In such cases, it is probably
not correct to infer that the terminated groove set predates the feature cutting it.
Instead, extensional deformation in the truncated groove set most likely postdates
the truncating feature, with the truncating feature acting as an older margin. This
interpretation is similar to that generally inferred for truncatingrelationships among
sets of rock joints on the earth.

There is some direct but limited evidence for structural shear in the map region,
seen where groove sets appear to be offset by several tens of km along narrow shear
zones. Compelling evidence for compression is limited, although the feature at 40°N,
314°W cited above appears to possess parallel ridges rather than grooves, and could
be compressional.

Geological History: The oldest materials within the Nun Sulci and Perrine quadrangles
occur within the cratered dark materials (dc) unit (McGill and Squyres, 1991), as is
generally the case for all of Ganymede. This is the most widespread of the dark units
mapped in these two quadrangles. Crater densities within cratered dark materials are
consistent with an age on the order of several billions of years (Smith et al., 1979a),
and thus cratered dark terrain probably represents crust that has survived from the
end of the primordial intense bombardment phase of solar—system history. The second
most widespread dark unit is grooved dark materials (dg). Within the Nun Sulcl and
Perrine quadrangles it is not clear if any of the grooves that define this unit are older
than light materials. Many grooves clearly pass from grooved light materials into
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grooved dark materials, and there are no unequivocal truncation relationships
suggesting that the grooves in the dark terrains are older than similar-appearing
grooves in abutting grooved light materials. Consequently, it is possible that grooved
dark materials were originally the same as cratered dark materials. The present
difference in appearance and the apparently smaller density of superposed craters
would thus be due to structural modification at the time of global groove formation.

After formation and cratering of the old crust now represented by the dark
materials this crust was fractured and dismembered, with widespread emplacement of
light materials between or on top of the surviving crustal fragments. The process of
emplacement is inferred to be extrusionof relatively ice-rich magmas. The resulting
light materials were subsequently extensively faulted, resulting in the intricate
pattern of grooves which characterizes much of the light terrain in these quadrangles.
Complex cross—cutting and truncationrelationshipsindicate that faulting and groove
formation occurred over a protracted time period, and that it almost certainly
overlapped in time with the extrusion of ice-rich magmas. Furthermore, in some
places cleartruncationrelationships indicate that smooth light materials are younger
than the grooves In adjacent grooved light and dark terrains, indicating that ice
volcanism continued after local cessation of groove formation.

Impact structures were forming throughout the history recorded by the light and
dark materials. Basins and degraded large craters (C,) are superposed on cratered
dark materials but not on grooved dark materials or on light materials. As discussed
above, they may once have existed on grooved dark materials and subsequently been
rendered unrecognizable on the available images by younger grooving. It is notlikely
that C; craters and basins ever existed on any of the light units. Well preserved
craters without bright ejecta (Cp) are the most abundant class of craters. Some of
these are clearly older than light materials, but most are probably younger than all
light units except possibly smooth light materials. Bright ray craters (Cg) appear to
be younger than all light and dark units.

Two palimpsests occur in the Nun Sulci quadrangle. One of these (356°W 29°N) is
very ancient, and probably is the oldest impact structure in this area. The second
palimpsest (335°W 30°N) is something of an anomaly because it is superposed on light
materials and is thus much younger than most palimpsests found on Ganymede
(Thomas and Squyres, 1990). The change from the formation of palimpsests to the
formation of lunar-like multi-ringed basins probably reflected a change in the
rheology of Ganymede's crust and lithosphere (Passey and Shoemaker, 1982). If so,
the existence of a relatively young palimpsest on light terrain implies two periods of
rheology transition; an early one for crust with low-albedo surfaces, and amuch later
one for crust with high—albedo surfaces.

This brief geological history is almost certainly greatly oversimplified as a result
of the poor resolution and unfavorable viewing geometry of most the images covering
this area. Textural features that are just at the resolution limit of the best images
suggest that a much more complex and more interesting history can be inferred when
better images are returned by some future mission.
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TECTONIC DEFORMATION ON ICY SATELLITES: A MODEL OF
COMPENSATING HORSTS;
Robert Pappalardo and Ronald Greeley, Department of Geology, Arizona State University,
Tempe, Arizona 85287

Voyager images demonstrate that the icy satellites have been shaped by a variety of magmatic and
tectonic processes, of which ridge and trough terrain is a manifestation. This terrain is observed on
Ganymede, Enceladus, Miranda, and Ariel, and many models have been proposed to explain its origin. A
likely model is horst-and-graben style normal faulting, in which horizontal extension results in a series of
downdropped grabens and relatively uplifted horsts. The apparent negative elevation of ridges and troughs
relative to surrounding terrain has been used to argue such an extensional-tectonic origin for ridge and
trough terrain on Ganymede [1] and Enceladus [2]. A ridge or ridge set which stands above a presumed
original base level, on the other hand, might be suspect of having a magmatic or compressional origin.

It has been demonstrated that rotation of "domino-style” normal faulting, which involves rotation of
fault blocks about a fulcrum, can allow ridges to stand slightly above the original base level [3], and this
relative uplift may be amplified by isostatic uplift [4]. Isostatic compensation of an individual graben
underlain by a ductile layer is commonly manifest as upraised rift flanks, as predicted theoretically [5,6] and
manifest in laboratory experiments of horst-and-graben normal faulting [7].

Compensation might also be accomplished through uplift of adjacent horsts [6,8]. Although in nature
compensation is likely partitioned between uplift of horsts and internal deformation of blocks, we examine
the case of a series of horsts and grabens underlain by a ductile material in which compensation of graben
downdrop is accomplished exclusively through horst uplift. This allows geometrical estimation of the
absolute amounts of graben downdrop and horst uplift refative to the original (pre-faulting) base level.

Figure 1 illustrates the downdrop by an amount h; of a series of identical trapezoidal grabens,
displacing a volume proportional to this downdrop and the length L; of each graben's base. Ductile
material flows beneath the two adjacent horsts causing their uplift, and each horst is forced upward by
material displaced by its two neighboring grabens. Equating the volume displaced by a graben to that
causing horst uplift, as for the case of a single horszt and graben pa;r (6],

Llhl+ L =L2h2+ h—2
tand tan é ¢))
where L) is the base length and A2 the vertical uplift of each horst, and § is the dip of each graben's
downward-converging bounding faults, assumed to remain constant with depth. Friction on the faults is
taken to be negligible. The base length of each graben is related to its observable surface width T, as

L 1= Tw - 2—’
tané (2a)
and horst base length is related to surface width R,, as
L 2= R wt 2
tan & (2b)

where ¢ is the original (unfaulted) thickness of the brittle layer. The assumed geometry of the fault blocks
constrains the layer's thickness to ¢ < 0.5 T, tand. The relation

hi+ hy=d 3)
links displacements &} and h; to the observed final elevation diffcrence d between two neighboring blocks.
Equations (1), (2), and (3) combine to give

A R, tand+2t +d

1= ———— e .
(R #T . Jtans + 24 @

and h) can be obtained from equation (3). In this way the absolute vertical displacement of horst and graben
blocks relative to an original base level can be related to model parameters.

Figures 2a and 2b illustrate the effects of briutle layer thickness ¢ and fault dip (8 = 40-90°) on the total
vertical displacement of horsts and grabens. Figure 2a shows a "grooved" case (R,, > T,,), which could
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pertain to areas of "grooved terrain” on Ganymede (R, = 8 km; T,, =4 km); Figure 2b is for a "ridged" case
(R, < T,,) and may pertain to Elsinore Corona, Miranda (R,, = 4 km; T, = 8 km). In both examples, d is
taken 1o be 0.4 km. Relative horst uplift increases with increased fault dip, decreased ¢, and a greater
difference Ty - Ry.

As illustrated by Figure 2b, if horsts are more narrow than their intervening grabens, there exists a
critical layer thickness

terin=0.25(Tw - Rw)tané 5)
at which hp = hy =d/2. 1f t < tgjy, then a greater portion of the total observed elevation difference d is due
to horst uplift above the original base level rather than to graben downdrop. In the example of Figure 2b,
for 8= 50°, tcpis = 1.2 km. The thinner the brittle plate relative to tc,j, the greater the difference between
ridge uplift and trough downdrop.

The compensating horsts model demonstrates that horsts may stand above the level of surrounding
unfaulted terrain if isostatic compensation is accomplished through (or significantly partitioned into) horst
uplift. Indeed, the magnitude of horst uplift may exceed that of graben downdrop if horst width is less than
graben width. This should be considered when evaluating ridge-and-trough-forming processes on icy
satellites and elsewhere.
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Mimas: Tectonic Structure and Geologic History. '
Steven K. Croft. Lunar & Planetary Laboratory, University of Arizona, AZ 85721.

Introduction. Mimas, the innermost of the major saturnian satellites, occupies an important place in comparative studies of
icy satellites. It is the smallest icy satellite (mean radius = 199 km) known to have an essentially spherical shape (Thomas et al., 1986).
Smaller icy objects like Hyperion and Puck are generally irregular in shape, while larger ones like Miranda and Enceladus are spherical.
Only Proteus, a newly discovered saieilite of Neptune {(1985N1i, sece Smith ei al, 1989), is slighily larger than Mimas and yet has a
significantly non-spherical shape. Thus Mimas is near the diameter where the combination of increasing surface gravity and internal
heating begin to have a significant effect on global structure. The nature and extent of endogenic surface features provide important
constraints on the interior structure and history of this transitional body.

The major landforms on Mimas are impact craters. Mimas has one of the most heavily cratered surfaces in the Solar System
(Plescia & Boyce, 1982; Strom, 1987; Lissauer et al.,1988). The most prominent single feature on Mimas is Herschel, an unrelaxed
complex crater 130 kilometers in diameter. Relative to the radius of the satellites, Herschel is one of the largest craters in the solar
system. The craters themselves are unremarkable, with morphologies and dimensions comparable to craters on other icy satellites (Schenk,
1989).

The only other recognized landforms on Mimas are tectonic grooves and lincaments. These structures were briefly described
by Smith et al. (1981). Groove locations were mapped by Schenk (1985, 1989) in a search for directional trends that could related to
recognizable stress sources, but without analysis of groove structures or superposition relationships. Mimas’ tectonic structures are re-
mapped here (Figure 1) in more detail than previously as part of a general study of tectonic features on icy satellites.

Description. Mimas’ tectonic features have been divided into three major classes on the basis of width, morphology and relative
age. Subclasses are defined on the basis of orientation.

Class 1: Fresh Chasmata. Only two features are included in this class, Ossa and Pelion Chasmata. Although they are not the
largest tectonic features, they are the most prominent. These chasmata are V-shaped troughs typically 10 km wide, 2 - 3 km deep, and
in segments 100 to 150 km long. The depths are based on photoclinometric profiles (Schenk, 1989), limb profiles (Dermott & Thomas,
1988), and stereo comparison with nearby fresh craters. The chasmata form a single system oriented roughly east-west between 20° and
30" south latitude. A circle fit to the chasmata segments by least-squares has a center at 57.5° N,258° W and an angular diameter of 172° ,
very nearly a great circle. These features formed relatively late in Mimas’ geological history: they are superposed by several fresh craters,
but cut through older, more degraded craters.

Class 2: lineaments. This class comprises a large number of long, narrow features. Lineament widths range from near the limit
of resolution (1-2 km on the best images) to about 4 km. Lincament segments range in length from a few tens to several hundreds of
kilometers. Vertical topographies are estimated to be on the order of hundreds of meters. Lineaments exhibit a variety of morphologies:
a) scarps or ridges, good examples are located tangent to the crater Gawain in FDS #s 34938.18, 34940.34; b) graben-like grooves, good
cxamples between the crater Arthur and Pelion chasma and just south of the craters Uther and Igraine; and c) and at least one chain
of pits running north-south between 30° and 60° south near 350° west.

Most of the lineaments are members of curvilinear sets of parallel structures with fairly constant spacings and distinct
orientations. Five sets are defined in Table 1, labeled by nearby features for convenience. There are also a few individual linecaments
which cross the labeled sets at significant angles: one centered near 40° S,340° W crossing set 1 at an angle near 60° , another near
40° $,290° W crossing set 2 at near 60° (both seen in FDS #34944.21), and a poorly defined feature near 30° N,195° W crossing set 4 at
nearly right angles (best seen in FDS #34938.18). The first two individual lincaments cross Pangea Chasma and are roughly parallel to
cach other. There are a number of other possible lincament segments between these two lineaments visible in FDS #34944.21 that appear
to follow the same directional trend. These features may comprise another lincament set ("Trans-Pangea”), but if so, they are very poorly
defined. Sets 1 & 3 are topographically prominent compared to sets 2 & 4, probably in part because sets 2 & 4 are imaged at significantly
higher sun angles than sets 1 & 3. Set S is also topographically prominent, but less well characterized because of the significantly lower
resolutions (4-6 km/pixel) at which it was imaged. Most of the lincament sets may be parts of a single global system: extrapolation of
the gently curving trend of set 2 connects smoothly onto the trends of set 3; set 1 trends change smoothly in a counter-clockwise sense
from W to E, becoming close to the trends of set 3 near the common boundary of both sets; certainly the trends of both sets 1 & 3
become nearly paraliel in the south polar area and connect directly onto the trends of set 5. It must be noted that though the trends
may be concordant between sets, lineaments directly connecting the sets, particularly over the south pole area, have not been found,
perhaps due to the limited imagery.

Superposition relations indicate that most of the lineaments formed relatively late in Mimas’ geologic history. Like the fresh
chasmata, the lineaments in the sets cross some impact craters and are cut by others. Straight sections of the rims of some fresh craters
(e.g, SW rim of Igraine) also indicate the establishment of the structural pattern before the formation of many of the fresh craters. Set
5 crosses Herschel, indicating structural activity after Herschel’s formation. Superposition relations between the lineament sets and the
fresh chasmata are uncertain. Ossa Chasma cuts across the trends of several lineaments in set 2. No continuation of lineament structure
can be seen across Ossa’s floor (see FDS #34940.34) and a lineament may form a "I™-type termination (see Golombek & Allison, 1981)
at Ossa’s castern end, suggesting a later formation for the chasma. However, the resolution of available images is too poor to be sure.
The "trans-Pangea" and the other individual lincament are heavily degraded and are very difficult to trace at times, suggesting that they
are substantially older than the lineament sets.

Class 3: Degraded Chasmata. The largest tectonic features on Mimas are the degraded chasmata and scarps. This group of
features includes the other named chasmata (Oeta, Avalon, Tintagil, Pangea, and Camelot), and a few large, apparently unpaired scarps.
These scarps, previously undocumented, occur between the craters Herschel and Morgan, and define three large horst-like blocks centered
near: 1) 15° §,150° W (seen in FDS #34933.50, 34936.23, and 34938.18 on the terminator), 2) 40° N,157° W (FDS #34933.50 and 34936.23),
and 3) 15° N,182° W (FDS #34936.23 and 34938.18). The eastern sides of the blocks parallel the Avalon and Oeta Chasmata, whereas
the western sides of the latter two blocks are more north-south. The chasmata are typically 15-20 km wide and a few kilometers deep.
Most of the degraded chasmata appear to form a single globe-girdling set of features reminiscent of the Ithaca Chasma system of chasmata
on Tethys: Avalon, Oeta, Tintagil, and Pangea chasmata all fall within a few degrees of a great circle with a pole near 30° S,67° W, and
define about 212° of its circumference. Camelot Chasma and its branch past Iseult crater angle about 30° counter-clockwise away from
the "great circle” system, thus bearing about the same relation to it as the Polar-Odysseus Tangent chasmata on Tethys bear to the Ithaca
system (Croft, 1991).

As implied by the class designation, all of these features are heavily degraded by superposed impact craters. Their heavily
cratered state indicates that they are older than most of the lincaments, and the "trans-Pangea” group lineaments cross Pangea Chasma.
Two lines of evidence suggest that these chasmata predate Herschel. First, the scarps and chasmata appear more heavily cratered than
Herschel, and many of the superposing craters are muted in appearance, suggesting that they are overlain by Herschel ejecta (Schenk,

95



1989). Second, Oeta Chasma is directly superposed by Herschel. Pangea and Camelot Chasmata cannot be directly related to Herschel
stratigraphically. If Pangea Chasma is part of the same system as Avalon, etc., then it may have formed at the same time (prior to
Herschel). However, just as the Ithaca system has segments of different ages, Pangea may not have formed at the same time as
Avalon/Tintagil. Camelot is placed in the same group because of its heavily cratcred appearance.

Other Features. A search was made for other geologic features that might not be due to impact or tectonic processes. None
were noted except a horseshoe-shaped dark patch about 50 km wide and 70 km long near 20° §,357° W visible in the last and highest
resolution sequence of images of Mimas (FDS #34944.17 ff). The patch is about 20% darker than its surroundings, but does not stand
out on the color ratio map of Buratti et al. (1990). The patch does not appear to be due to partial shadowing; although part of it lies
in a shallow trough, it also extends over the rolling cratered terrain; further, the patch makes a continuous 180° turn without an obvious
break or change in apparent albedo, difficult to achieve by topographic alone. The edges of the patch are moderately sharp. The patch
appears to be dark material draped over the topography of the heavily cratered surface with no apparent thickness. The arms of the
horseshoe extend along lines parallel to nearby Pangea Chasmata. No similar feature was seen elsewhere on Mimas.

Discussion. The range in preservation states of Mimas’ tectonic features, and superposition relations between them and the
craters indicate that tectonic activity continued over a period of time comparable to that required to form the suite of visible craters.
The degraded chasmata formed first, followed by the Herschel impact, and then the lineaments and the fresh chasmata. If this order
is correct, it implics that most of the tectonic strain was generated before the Herschel impact.

The number and locations of tectonic features found here largely agree with those mapped by Schenk (1989). He proposed
that the grooves may be related to the formation of Herschel, but that groove orientations may also permit a tidal origin as well. Schenk
grouped all of the mapped features together in his stress trajectory analyses. However, as noted here, the tectonic features can be divided
into classes with different morphologies, orientations and formation times, suggesting that more than one stress source may need to be
invoked to account for them.

The axis of the fresh chasmata system is approximately radial to the crater Herschel: a great circle fit to the segments is
tangent to Herschel's NNW rim. Schenk (1989) suggested that this geometry indicated that these chasmata may be due to fracturing by
the Herschel impact, perhaps analogous to the grooves on Phobos around the crater Stickney (Thomas, 1979). This is certainly possible
as there are some similaritics. However, the chasmata are in the hemisphere antipodal to Herschel and no fresh chasmata occur closer
than about 90° from the crater, whereas the most prominent grooves on Phobos cluster on Stickney’s rim. The lineaments that do cross
Herschel appear not to be related to fresh chasmata system.

Lineament set trends can be fit into at least two possible global frameworks. First, sets 1, 2, 3, and S can be interpreted as
parts of a roughly concentric set of lineaments centered near 20° N,190° W. The "center” is poorly determined due to the broad width
of the sets and the lack of images that could constrain the extent and trends of the assumed system into the northern hemisphere. Such
a concentric system could be related to cyclic tidal deformation resulting from high orbital eccentricity (Helfenstein & Parmentier, 1980),
but relative to a different long axis than the current one. Set 4 does not scem to fit this putative global concentric pattern, as its trends
are at roughly right angles to its eastern neighbor, set S. Thus set 4 and the individual lineaments would need to have been formed by
a different set of stresses than sets 1, 2, 3, and 5.  Second, all of the lincament sets may be parts of a global set of conjugate fractures
running around Mimas’ equator. If the "trans-Pangea” set is real, the cross pattern between them and set 1 would be an example of a
conjugate set. Such a system could be due to tidal despinning superposed on global expansion (Melosh, 1977). However, no circumpolar
normal faults also predicted by the despinning model are apparent. Further, lineament cross-patterns are not apparent in the other
images, only single trends. Finally, the broadly curved traces of the lincaments and the change in trends within and between sets (e.g.,
set 1) do not appear to follow a simple conjugate fracture pattern.

The origin of the degraded chasmata system might be attributed to the formation of Herschel analogous to Odysseus and Ithaca
on Tethys. However, in this case, the pole of the great circle is a crater radius outside Herschel's rim, and the chasmata are apparently
older than the crater, indicating that the degraded chasmata are unrelated to the giant impact. The origin of the system is unclear. It
may be related to internal convection patterns.

Based on morphology, the tectonic features on Mimas are all interpreted as extensional in origin. No compressional features
appear to be present. The areal extension represented by the classes of tectonic features can be estimated using the method of Golombek
(1982), in which the new area (A) for each scarp is related to the length (L), depth (d), and assumed angle of dip (8) for the underlying
faults by: A = Ld/tan(®). Adopting © = 60" and noting that features like the chasmata have 2 scarps (twice the arca of a single scarp)
yields the following areal increases from the cumulative measured lengths of the three tectonic groups: 1) fresh chasmata (adopted d =
3 km) - 0.4%, 2) lincaments (d = 0.3 km) - 0.2%, and 3) degraded chasmata (d = 2 km) - 1.2%. Given the obvious uncertainty in the
adopted depths, these estimates are probably only good to within a factor of 2. However, these results: 1) indicate the relative tectonic
importance of the different classes of features, 2) are similar to the expansion estimates obtained for the uranian satellites (Croft &
Soderblom, 1990). Neither the inferred arcal expansion nor the implied failure stresses (10-20 bars) can be obtained from traditional
thermal models for Mimas (e.g., Ellsworth & Schubert, 1983). However, preliminary calculations indicate that both the expansion and
necessary stress levels can be reached for Mimas if a deep, low conductivity regolith is assumed.

The question of cryovolcanic activity on Mimas is unresolved. Plescia & Boyce (1982) resurfacing in the south polar arca on
the basis of a local paucity of large craters. Lissauer ct al. (1988), however, suggest that the lack of large craters in the area is consistent
with random statistical variations, and thus does not constitute evidence for resurfacing. There are no apparent extrusive features on
Mimas, unless the dark albedo spot is one. The characteristics of the patch may be accounted for by low-energy extrusion or expulsion
along pre-existing fractures, somewhat like the swirls on Dione and Rhea. Its orientation along trends parallel to nearby chasmata is
consistent with this model. However, the feature also resembles dark deposits around impact craters on other icy satellites unrelated to
extrusive processes.
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Table 1. Lincament Set Parameters

Satellites, J.A. Burns and M.S. Matthews, editors, pp. 802-

Set Direction
Designation Center Spacing Trends Best Image
1. Pangea- 55° S, 3400 W 15-20 km N-S to 20° 3494421
South Pole west of north
2. Trans- 20° S, 2800 W 6-10 km 10° to 30° 34940.34
Ossa west of north
3. Uther- 55° S, 2500 W 220 km NW-SE 34938.18
Gawain
4. Morgan- 20° N, 200° W =40 km 30° west of 34938.18
Modred north
S. Herschel- 30° S, 1300 W 15-30 km NE-SW 34932.04,.20
Galahad
Figure 1. Geologic sketch map of Mimas. Base is USGS Map I 1489.
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Tethys Geology and Tectonics Revisited. Steven K. Croft, Lunar & Planetary Laboratory, University of Arizona, Tucson, AZ, 85721.

Tethys, a medium-sized icy satellite of Saturn, was imaged by both the Voyager 1 and 2 spacecraft at sufficiently high resolution
to allow some geologic analysis (Smith et al, 1982). One fairly complete (Moore & Ahern, 1983) and several brief descriptions of Tethys’
geology (e.g., Smith et al., 1982; Soderblom & Johnson, 1982; Moore & Ahern, 1982; McKinnon & Benner, 1989) have been given. This
report gives the partial results of a new analysis of Tethys’ geology done as part of a comparative tectonic and cryovolcanic study of the
saturnian satellites.

Geologjc Description. A new geologic sketch map of Tethys’ north polar area is shown in Figure 1. This map is based on a
sequence of images (FDS #43980.27, 541, 95.58, and 44003.57) transformed to a polar stereographic projection at the same scale. The
images present the same arca under different illuminations, each of which brings out different features. A new global map is in progress.
Tethys’ surface has been divided into two primary geologic units (Moore & Ahern, 1982;1983): a heavily cratered unit which covers most
of the surface (and most of Fig. 1), and a less heavily cratered plains unit which covers about 20% of the surface, an edge of which
appears at lower right in Fig. 1. Individual geologic features are classified as impact craters or tectonic structures.

Tectonics. Ithaca Chasma: The most prominent tectonic feature on Tethys is the globe-girdling Ithaca Chasma, which is 60
to 100 km wide, 3-4 km deep, and can be traced through at least 270" of a rough great circle (Smith et al, 1982; Moore & Ahern, 1983).
The nature of the chasma changes along its length, and is described here in 5 sections. Section 1: South Pole to about 20" S; here the
chasma consists of two branches trending roughly N-S and parallel to each other for at least 100 km of their lengths. Bach branch appears
to be a simple, graben-like trough 30-40 km wide. The west branch, seen at moderate resolution (5 km/px) on the terminator in FDS
#34937.06, is heavily cratered and about 3 km deep. The east branch, the southern extension of the main chasma, is seen in FDS
#34926.18. Resolution is poor (11 km/px), but the east branch has relatively straight (i.c., unbroken by large craters) bounding scarps
and reasonable definition compared to the west branch, which is nearly invisible in FDS #34926.18, suggesting that the east branch is not
as heavily cratered as the west branch. Section 2: between 20° S and 5° N; here the chasma is a single branch about 40 km wide which
makes a 40° turn and joins another short branch chasma to form a very broad scarp-bounded trough about 100 km wide with prominent
upraised rims. The bounding scarps appear fresh and unbroken by craters along the chasma’s entire length in the low-resolution image
FDS #34926.18, an impression confirmed for the portion seen in the high resolution (2 km/px) image FDS #44003.57. Indeed, the scarps
and floor of the chasma have virtually no visible superposed craters in this section. The lack of observed craters is not entirely due to
the high sun angle because craters appear in abundance on the cratered terrain on ¢ither side of the chasma right up to the rim. The
floor of the chasma is seen in the high-resolution section to have several subdued scarps/ridges paralleling the prominent bounding scarps,
possibly the northward extension of the two branch chasmata at the south end of the wide section. Section 3: between 5° N and
Telemachus (about 55° N); this section is entirely on the high-resolution image FDS #44003.57 and extends onto the map in Fig. 1.
Topographicaily, the chasma consists here of at least three parallel shallow troughs continuing along the same trend as the broad portion
of section 2. These troughs are not visible in 03.57, but are prominent in FDS #43995.58 where the scarp faces are nearly perpendicular
to the solar direction. The prominent features in this section in 03.57 are a bundle of parallel grooves about S km wide and 12 km apart
trending about 20° counter-clockwise of the main chasma. This section is more heavily cratered than section 2, but less heavily cratered
than the surroundingterrain. Section 4: between Telemachus and Eurycleia; this section is nearly indiscernible in high-resolution in 03.57,
but stands out sharply in 95.58. Here the branches combine into a single trough 60 km wide north of Telemachus which splits again
into two 30 km wide branches near Eurycleia. The rims appear slightly raised along portions of the chasma. The crater density on this
section of chasma is indistinguishable from the surrounding cratered terrain. Section 5: south of Eurycleia past the west rim of Odysscus;
here the branches of the chasma become progressively shallower and less sharply defined towards the south (stereo pair: FDS #43985.41,
88.57), dwindling into isolated linear massifs in the section closest to Odysseus, and becoming lost south of the equator in the available
images (e.g., FDS #43980.27). This section appears heavily degraded and is superposed by several 50-100 km diameter craters.

Other Tectonic Features. Odysseus Tangent Chasma: A prominent chasma 60-80 km wide and at least 800 km long (90° arc),
visible in 80.27, is tangent to the rim of Odysscus, trending about 10° east of north. The chasma intersects a ridge-bounded trough
radial to Odysseus (see Fig. 1 and below) and is then lost in the zone around the North Pole that is shadowed in all of the extant
images. However, extrapolation of the trend over the pole connects almost directly into the trend of the grooves just south of Telemachus
(Fig. 1). Continuation of the same trend farther south passes close to the short branch in section 2 of Ithaca Chasma. Two other poorly
defined troughs, each 35-40 km wide and at least 300 km long, are visible in 80.27. One is a linear feature parallel to the Odysseus
Tangent feature, and the other defines a broad curve along the equator sub-radial to Odysseus. The features intersect near 10° N,190° W.
Another prominent trough about 35 km wide and 120 km long runs N-S of the crater Penelope (85.41 & 88.57). It is radial to the crater,
but it appears more degraded than Penclope, suggesting that it is a pre-cxisting tectonic structure. Lineaments: a set of lineaments
running NE-SW are visible in FDS #34937.06 and.10 north and south of the crater Circe. The lineaments appear to be graben-like
troughs about 10 km wide. The lineaments cut degraded appearing craters (keeping in mind the 5 km/px resolution) and are cut by fresh
appearing craters up to about 30 km in diameter. A number of graben-like lincaments trending NE-SW also cross Odysseus from the
south, cutting both the rim and floor.

All of the tectonic features on Tethys appear extensional. The analysis of the global areal expansion inferred from the
observed tectonic features is not yet complete. Preliminary estimates have been made, however. Assuming the features are simple
grabens, the method of Golombek (1982) yields estimated minimum global areal expansion for Ithaca Chasma alone of 0.25% (assuming
an average depth of 3 km). Noting the branching of the chasma (usually two parallel branches) doubles the estimate to about 0.5%.
The total area of Ithaca Chasma is about 6% of Tethys’ surface, but, recognizing resolution limitations, the morphology is similar to
graben-like chasmata on other icy satellites, and not to a giant extension crack, thus the total arca of the system does not represent the
arcal expansion. The Odysseus Tangent system is comparable in extent to the Ithaca system, increasing the estimated expansion to about
1%. The lincaments are numerous, but shallow, indicating little net expansion, leaving the giobal estimate near 1%, which is similar to
the estimated expansions on several other icy satellites (Croft & Soderblom, 1990; Croft, 1991a).

Craters. The largest and most prominent crater on Tethys is Odysseus, visible at upper left in Fig. 1. The crater consists of
a primary rim with some evidence of terracing and a central complex of concentric ridges and massifs. RMS fits yield a diameter of
441+14 km for the rim and 169+9 for the central complex. Limb profiles and photoclinometry (Schenk, 1989) show a crater about 8
km deep. The central complex is uplifted 2-3 km and has a narrow central depression. Chapman & McKinnon (1986) suggested the crater
may be an incipient pit crater; alternatively, Odysseus may be a peak ring basin.

Ejecta facies have not been previously recognized for Odysscus. However, several features noted in the current study may
indicate Odysseus ejecta. 1) A number of crater chains are mapped in Fig. 1. Most of these correspond to chains mapped by Moore
& Ahern (1983). They also mapped a number of chains to the east of Odysseus, most of which have been confirmed in this study. As
may be seen in Fig. 1 (and in Moore & Ahern’s Fig. 6), nearly all of the long axes of the chains are radial to Odysseus, suggestive of
secondary crater chains. The diameters (15-25 km) and ranges from Odysseus’ center (600-700) of the largest chain craters correspond
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to the scaled sizes and ranges of seccondaries on other planets in the solar system (Croft, 1991b), supporting their interpretation as
Odysseus secondarics. 2) The overall density of craters 40-50 km in diameter mapped in Fig. 1 decreases sharply within about 500 km
of Odysseus’ center. Large (50-100 km) craters within 500 km of Odysseus also appear significantly degraded compared to craters
farther away. It is recognized that the resolution of the images used to make Fig. 1 changes from 8 km/px near Odysseus’ rim to §
km/px near Elpenor crater, however, craters >40 km in diameter are large enough that they should be visible even at the poorer
resolution if they were present. Thus their absence ncar Odysseus appears real. The lower crater density and greater degradation of
craters near Odysseus may be explained by the presence of a continuous ejecta blanket. The approximate radial extent of the putative
blanket, S00 km, again corresponds to the expected scaled size (Croft, 1991b). 3) A number of ridges are mapped in the center and lower
right of Fig. 1, most of which are radial to Odysseus. The pair of parallel ridges over the North Pole bound a deep trough that extends
at least to Ithaca Chasma. The smaller ridges SE of Telemachus parallel the crater chains. The morphology, location, and orientation
of these features are reminiscent, respectively, of radial gouges and ray-like ¢jecta deposits seen around large impact basins such as
Orientale on the Moon.

Two other large degraded craters not previously documented were found in this study: a 260 km crater centered near 43° §,7° W
(FDS #34926.18), and a 190 km crater centered near 50° N,20° W (FDS 343995.58 & 44003.57), mapped in Fig. 1. The morphometry of
smaller craters on Tethys was discussed by Schenk (1989).

Discussion. Most of the discussions of Tethys’ geology (¢.g., Smith et al., 1982; Soderblom & Johnson, 1982; Moore & Ahern,
1983; McKinnon & Benner, 1989) have been dominated by analyses of the two most prominent features: Odysseus and Ithaca Chasma.
The location of Odysseus near the center of the great circle of Ithaca Chasma led early to the suggestion that Ithaca was genetically
related to the Odysseus impact (Smith et al, 1982). Suggested mechanisms included impact induced seismic fracturing (Moore & Ahem,
1983) and viscous stresses generated in mantle flow due to isostatic rebound of Odysseus’ interior (McKinnon, 1985; McKinnon & Benner,
1989). Non-Odysseus related suggestions, such as expansion due to internal freezing (Soderblom & Johnson, 1982), did not provide a
ready mechanism for localization of tectonic strain into a single, apparently unique, global system.

One question relevant to the relationship of Odysseus to Ithaca that can be considered geologically is: what is the stratigraphic
relation between Odysseus and Ithaca? Several features suggest that portions of Ithaca Chasma predated the Odysseus impact. 1) There
appear to be significantly more 30+ km diameter craters superposed on at least section 5 of Ithaca and elsewhere on the heavily cratered
terrain (Fig. 1 and Moore & Ahern, 1982) than in and around Odysseus, suggesting that this part of Ithaca existed before Odysseus. 2)
Several of the crater chains in Fig. 1 cross Ithaca, and a few appear to breach the bounding scarps. If the chains are Odysseus
secondaries, then Odysseus formed later than the chasma. 3) The trace of Ithaca Chasma is most poorly defined closest to Odysseus,
and virtually disappears for a short distance cast of Eurycleia. This may be due to obscuration by Odysseus ejecta: in this location, the
chasma is near the apparent edge of Odysseus’ continuous cjecta, and mounds of material (Fig. 1) that may be ejecta come very close
to, and may cross the chasma. On the other hand, the large trough radial to Odysseus is cut by the north scarp of Section 4 of Ithaca,
though there is a breach in the south scarp that may be a continuation of the trough. If the trough is a radial gouge, then the chasma
scarp came later than the impact. However, reactivation of older fractures is common in extensional tectonic environments, and activity
may renew scarps on one side of a chasma and not on the other (e.g, the 340° Chasma on Miranda, see Croft & Soderblom, 1990). It
is important to note that, based on the variation in crater density in the various sections of Ithaca, the chasma did not form all at once:
section 2 appears younger than nearly any other feature on the satellitc, whereas sections 4 & 5 appear as old as the average cratered
terrain. Thus reactivation may have occurred in section 4.

Unfortunately, poor resolution prevents any of the above observations from being unambiguous, but the current evidence
favors formation of parts of Ithaca before Odysseus. If true, then there is no genetic relation between the two features. Theoretical
relaxation calculations for Odysseus in progress (Bus & Melosh, 1990, private communication) explicitly including a lithosphere are as
yet unable to produce a stress ficld capable of generating an Ithaca Chasma, contradicting earlier models which did not include a
lithosphere. In this context, it is worth noting that there is a non-negligible chance that the location of Odysseus near a pole of Ithaca
is purely fortuitous. Calculations assuming a purely random impact locations indicate a 15% chance of the center of Odysseus being within
28° of the great circle pole. However, the pole is only about 24° from Tethys’ apex of motion. If the Odysseus projectile originated
external to the system, then its probability of landing near the apex of motion, and hence near the great circle pole, is several times higher
than the random probability, making it likely that the location of the crater near the pole is only fortuitous. While a genetic relation
between Odysseus and Ithaca is certainly not ruled out, there is enough evidence that they may not be related to search for other possible
mechanisms for Ithaca’s origin.

A second relevant question is: is Ithaca Chasma unique, thus requiring a unique explanation? Two features of Ithaca have been
cited (Smith et al., 1982; Moore & Ahern, 1983, McKinnon & Benner, 1989) as unusual (unique?): first, the chasma traces 3/4 of a great
circle, and second, most of the apparent tectonic strain on Tethys is concentrated in a narrow lane rather than more evenly distributed
around the giobe. Recent work has turned up other tectonic systems with simiiar attributes. As noted above, there is apparently a second
great circle system on Tethys, the system tangent to Odysseus, that can be traced through at least 200° . The system may extend farther,
but the rest of the putative circuit is in the unimaged portions of the satellite. This system is tilted 20° to 30" to the Ithaca system,
predates it, and represents a tectonic strain similar to Ithaca’s. There is no crater comparable to Odysseus near its poles. Another pair
of great circle systems has been identified on Mimas (Croft, 1991a). Herschel, the giant impact on Mimas, is substantially farther from
the poles of those systems than Odysseus is from Ithaca Chasma’s pole. A relative concentration of strain is seen in the chasmata systems
of Oberon and Titania, although these are not great circle systems. Therefore, Ithaca Chasma may not be unique.

There is evidence for some cryovolcanism on Tethys. The plains unit centered in the trailing hemisphere is probably due to
flooding by melted material (Smith et al., 1982; Moore & Ahern, 1983). The edges of the unit are diffuse and lack raised edges, indicating
material of relatively low viscosity. Crater statistics (Strom, private communication) show a paucity of craters in the 20-40 km diameter
range, but preservation of larger craters. This indicates a regional thickness of the melt sheet of at least several hundred meters, enough
to overtop the rims of the vanished craters. Long sections of Ithaca chasma have upraised rims. In analogy with terrestrial rifts, this
suggests the possibility of low density intrusions under the axis of the chasma. However, there are no recognizable deposits on the floors
of Ithaca comparable to the plains materials. The western margin of the plains unit do not reach Ithaca at any point, indicating that the
source vents for the plains are not in these sections of Ithaca Chasma. Poor resolution at the eastern border of the plains prevents
definitive determination of the relationship there.
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Figure 1. Geologic sketch map of north polar area of Tethys. Polar stereographic projection.
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Introduction. Many papers have been written about the surface of Iapetus, but most of these have discussed either the nature
of the strongly contrasting light and dark materials (e.g., Smith et al., 1982; Morrison et al., 1986; Bell et al., 1985) or the cratering record
{¢.g, Tiestia & Boyce, 1985, Lissaucr ci al, 1588). Little has beeii said about oiher geologic fcatuics on lapetus, such as iccionic
structures, which would provide constraints on lapetus’ thermal history. Most references (Smith et al, 1982; Ellsworth & Schubert, 1983;
Consolmagno, 1985; Squyres & Croft, 1986) have suggested that there is no conclusive evidence for any tectonic activity on lapetus, even
when thermal history studies indicate that there should be. The one exception is Murchie (1990), who noted the apparent existence of
scarps in the north polar area of Iapetus. The minimal geologic analysis of Iapetus is probably due to the poor resolution (<8 km/pixe!)
of even the best Voyager images. However, in a new study of Iapetus’ surface involving the use of stereo pairs, an extensive tectonic
network has been recognized. A few new observations concerning the craters and dark material were also made. Thus the geology and
geologic history of Iapetus can be more fully outlined than before.

The tectonic network is shown along with prominent craters and part of the dark material in the geologic/tectonic sketch map
in Figure 1. The base for the sketch map is FDS 43907.08, which shows the region around the north pole and anti-saturn facing
hemisphere down to the equator. Features on the geologic/tectonic sketch map are based on examination of Voyager 2 images FDS
43885.45 (resolution: 12 km/px), 43894.20 (10 km/px), 43907.08 (9 km/px), and 43913.35 (8 km/px). These images were chosen because
they represent the highest resolution images available, and because they allow viewing the surface in stereo, a great aid in recognizing
geologic structures. Stereo discernment for the image pairs is: low for 85.45 and 94.20, good near the image centers for 94.20 and 07.08,
and good globally for 07.08 and 13.35. The topography of crater rims and scarps are quite apparent and recognizable in the different
image pairs. The heights and slopes of various features given below are based on comparison with the depths of craters 50 to 100 km
in diameter, which are assumed to have the same depths (34 km) as craters of similar diameter on Rhea and Titania (see Schenk, 1989).

Tectonic Features. The primary tectonic landforms on lapetus are individual scarps. The features mapped as scarps are
typically on the order of 1-3 kilometers high, and 300 to 500 km long. The apparent scarp widths are 10-20 km, indicating nominal slopes
of 5° to 10° . Several short segments a few tens of km long occur, as well as at least one, the OCO (Oliver-Charlemagne-Ogier) scarp,
which is over 1000 km long. Some of the scarps appear to pair together to form chasmata, of which three fairly well-defined ones
(Chasmata A, B, and C) are labeled on Figure 1. The chasmata are about 60-75 km wide and several kilometers deep. The crests of
several of the scarps (e.g., the N bounding scarp of Chasma A and OCO scarp) appear to be raised somewhat (<kilometer) above the
terrain on the higher side of the scarp. A few features are mapped as ridges: n. Hamon and the parallel feature to the NW. These
ridges may be simply scarps with raised crests. Certainly, n. Hamon is an asymmetric structure with a bright eastern slope 250 km wide
and a western slope 210 km wide. Several lincaments are mapped near the north pole, the crater Ogier, and along the equator near the
crater Baligant. These marginally resolved linear features are probably also scarps: they follow directional trends characteristic of the
prominent scarps (sce below), and one in particular, n. Baligant along the equator, extends into the region containing deposits of dark
material and joins the remarkably linear northern boundary of the otherwise irregularly-shaped dark deposit centered near 5° N,225° W.
The sharp, linear boundary suggests a topographic discontinuity like a scarp almost regardless of the assumed origin of the dark material.
The lineament n. Marsilion may be a ridge along the light-dark material boundary.

The scarps may be placed into groups with distinct directional trends. The polar group trends parallel to the 180° Meridian
through crater Marsilion right over the pole into the terminator. This group includes the majority of the mapped scarps and Chasmata
A and C. The second "group” contains only the OCO scarp trending about 45 counter-clockwise from the polar group. The third group
trends at roughly right angles to the polar group and consists of the BB (Baligant-Besgun) scarp and Chasma B near crater Besgun.
The BB scarp appears to be a southward extension of the northern Chasma B scarp. The ridges near crater Hamon may fall into this
group, but they are arcuate in plan rather than straight, and may only coincidentally parallel the BB scarp in the map area. Other
trends may exist: the extant images of the map area are unfortunately all illuminated from about the same direction, and different lighting
conditions could highlight different structural features. However, no other trends were seen despite the stereo analysis.

The scarp groups appear to have formed over an extended period. The BB scarp group is cut by all of the others and appears
very degraded: its trace is completely lost in a few spots. The ridges are also very degraded and are cut by the OCO scarp. Thus the
BB scarp group is oldest, and the OCO scarp is next. The polar group of scarps is the youngest, cutting across scarps of the other
groups. These scarps also appear morphologically less degraded morphologically than the others. Even so, the polar scarp group is
geologically old since its members are superposed by nearly all of the craters visible on the surface.

Two elevated plateau-like blocks are marked by hatched patterns near the craters Oliver and Besgun. The sides of the blocks
are formed by members of different scarp groups.

Crater Morphology. As far as can be discerned given the poor resolution, the morphologies of fresh craters on lapetus are
similar to crater morphologies on the other icy satellites (cf. Schenk, 1989; Croft & Soderblom, 1990): larger craters have relatively shallow,
flat floors and central peaks typical of complex craters, while smaller craters appear to have the relatively deeper, bowl-shaped interiors
of simple craters. The central peaks (many marked with crosses on the map) are usually solitary conical massifs typical of central peaks
on other icy satellites. In particular, Marsilion (=230 km in diameter) has a massive, conical central peak similar to that of Dido or
Acneas on Dione. Marsilion’s central peak is located off-center, its only unusual feature. The smallest craters with discernable central
peaks are 40-50 km in diameter, somewhat larger than the simple-complex morphology transition seen on similar-sized icy satellites
(Schenk, 1989). However, since the smallest obscrved central peaks are about a pixel pair across, the difference is probably due to poor
resolution and not a real difference. The consistency of crater morphologies between satellites and the consistent correlation of complex
crater depths with simple-complex transition diameters provide the basis for the crater depths assumed above.

Dark Material. As has been noted before (e.g., Smith et al, 1982; Bell et al., 1985), the dark material forms a broad oval
deposit, Cassini Regio, centered in the leading hemisphere. The oval has irregular borders. Numerous detached and semi-detached
patches of dark material are found along the boundaries of the oval, with complex clusters extending off of the east and west ends. The
planform of most of these patches are subcircular, leading Smith et al. (1982) to suggest that the patches were deposits on the floors of
craters. The large, 300 km diameter ring at the east end of the oval is particularly reminiscent of annular flooding in a large central peak
crater. In contrast, Bell et al. (1985) suggested that the dark patches were instead located on slopes facing the leading apex of motion
rather than in depressions on crater floors. The location of the dark material on apex-facing slopes would be more consistent with an
orbital origin of the dark material (Bell et ai.’s hypothesis) than locations in sheitered depressions, which would be more consisteni with
an internal flooding origin. The only contribution to that discussion here is the observation that at least a few of the dark patches occur
on the bottoms of craters whose rims are topographically perceptible in stereo, notably crater A and a smaller crater to the south. The
dark materials in Baligant, its two neighbors to the NW, and Hamon also appear to be on the crater floors, but topographic discernibility
decreases rapidly toward the limb, where these craters lie. The material in Hamon may extend up the apex-facing crater rimwall. The
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large dark patches south of Baligant again appear to lic in large depressions while the light patches appear to form high-standing massifs,
but unfortunately, topographic discemnibility is low. Similarly, two bright spots on the limb of 07.08 appear to extend above the limb
defined by the darker material, but a numerical limb analysis will be needed to test this. Finally, if the lineament n. Baligant is indeed
a scarp, then the straight border it forms to the dark material strongly suggests topographic confinement of the dark material. Thus the
observations made in this study tend to confirm the location of dark material in low spots, suggesting either an internal origin for (part
of?) the dark material, or an active process driving orbitally-derived dark material on slopes downward into depressions.

Comparisons and Interpretations. Titania and Oberon are two icy satellites very similar in size to Iapetus. To first order,
similar heat flows and thermal histories might be expected for all three bodies, thus it is of interest to compare their surface features.
The scarp/chasma network on lapetus is similar in planform and topography with the chasma networks observed on Titania and Oberon
(Croft & Soderblom, 1990). Dimensionally, the mean major chasma widths are 50-60 km on Titania and 70-80 km on Oberon, compared
with 60-75 on Iapetus; chasmata on all three satellites are typically several hundred kilometers long. Features comparable to the smaller,
graben-like structures seen on Titania and Oberon would be below the limits of resolution on lapetus. Chasma morphology is similar
on all three satellites, apparently including raised crests on some chasma-bounding scarps. Unpaired scarps are found on all three
satellites, but they appear to be more common on lapetus than on Titania or Oberon.

The morphology of the scarps and chasmata on Iapetus imply formation by extensional tectonic stresses. The areal extension
represented by the classes of tectonic features can be estimated using the method of Golombek (1982), in which the new area (A) for
each scarp is related to the length (L), depth (d), and assumed angle of dip (©) for the underlying faults by: A = Ld/tan(®). Adopting
© = 60" and noting that chasmata have 2 scarps yiclds the following areal increases from the cumulative measured lengths of the tectonic
groups: 1) prominent scarps (adopted d = 2 km): 0.26%, 2) smaller scarps (d = 2 km): 0.20%, 3) lineaments (d = 0.3 km): 0.03%, and
4) ridges (interpreted as asymmetric scarps with d = 2 km): 0.10%. The cumulative areal increase is 0.59%. This is somewhat smaller
than the 1-1.5% seen for the uranian satellites, but is probably due to poor resolution and the heavily degraded state of most of the
tectonic features.

The scarps extend across the entire mapped area, indicating at least regional, and probably global, sources for the stresses.
The predominance of extensional morphologies indicates an overriding tensional stress, probably thermal expansion. Several possible
sources of secondary stress are capable of modifying the overall tensional field to produce the observed directional patterns. Tidal
despinning (Melosh, 1977) may account for the trends of the older scarps, like the BB and OCO scarps, but does not obviously account
for the younger polar band. That band, which extends from the Saturn-facing hemisphere over the pole to the anti-Saturn hemisphere,
follows the trend predicted for orbital recession (Melosh, 1980). Unfortunately, the maximum increase in semi-major axis for Iapetus’
orbit due to tidal evolution allowed by the minimum dissipation factor, Q, for Saturn determined by Goldreich & Soter (1966) is only
about one part in 107, corresponding to a maximum tidal stress of order 1077 bars. This level of stress is completely negligible compared
to the ~170 bars estimated from friction-dominated strength (Golombek & Banerdt, 1986) required to generate lapetus’ chasmata.
Another possible source of stress is interior convection (e.g., Zebib et al., 1983). A single axisymmetric cell with fluid rising at one pole
(in this case, under the north pole) of the convection pattern and falling at the other could produce the correct stress field. Another
possibility is a 2-cell, axisymmetric convection pattern with fluid rising along the equator of flow and falling in at the poles of flow, where
the equator of flow is oriented along the 180° meridian through the North Pole. This latter type of flow provides the best means of
producing the consistent directional trends of the polar band.

The raised crests of several of the scarps on lapetus may indicate the existence of cryovolcanic plutons at depth (Croft, 1991)
in a largely undifferentiated interior. The large plateau-like blocks appear structurally to be horsts. Plateau-like features appearing in
the limb profile of Titania (Thomas, 1988) may be similar structures.

The large ridges near the crater Hamon are sufficiently different in morphology and trend from the other scarps to suggest
the possibility of a different origin. The arcuate pattern of n. Hamon and its counterpart to the west, and the asymmetry of the ridge
profile - steep on the inside of the curve and broad on the outside - are both consistent with an origin as rim clements of a large, heavily
degraded impact crater. If so, the inferred crater would be about 1000 km in diameter and centered near 30N,300W. The western rim
would pass near craters Othon and Turpin seen in the Voyager 1 images, but unfortunately the resolution is too poor in these images
(=50 km/line pair) to show either a degraded rim structure or a remnant depression on the limb that might confirm the postulated crater.
If the crater is real, it is large compared to the satellite (=2.4x lapetus’ radius), and substantially larger than the next largest impact
structures: Marsilion and the inferred crater associated with the 300 km diameter dark ring seen in Voyager 1 images near SN,325W.

The chronology of geologic activity on Iapetus differs somewhat from that observed on Oberon and Titania: all of Iapetus’
scarps predate most of the craters; Oberon has geologically old chasmata like Iapetus, but it also has a set of chasmata that largely post-
date the large craters; Titania’s chasmata almost entirely post-date the large craters. Thus, lapetus’ tectonic activity preceded the last
stage of heavy cratering. There is also evidence of extensive (global) resurfacing on Titania and Oberon, but, unless one counts the dark
material, there is no positive evidence for endogenic resurfacing on lapetus.

The geologic history of Iapetus may now be outlined as follows: 1. Accretion to final size, saturated cratered surface (time scale
10* -10° yr based on Safronov, 1972). 2. Continued heavy bombardment of surface, formation of n. Hamon structure, possibly by impact.
3. Global expansion due to internal heating generates older scarps (time 10° yr). 4. Continued expansion generates polar band of scarps,
possibly after onset of interior convection (few times 10® yr). 5. Heavy bombardment, which has continued through events 3 and 4, tapers
off. 6. Dark material is emplaced, either by extrusion of internal carbon-bearing melts or by modification of surface materials by orbital
debris.
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Figure 1. Geologic sketch map of the North Pole area of Iapetus.
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THE STRENGTH OF MIRANDA'S LITHOSPHERE;
Robert Pappalardo and Ronald Greeley, Department of Geology, Arizona State University,
Tempe, Arizona 85287

In attempting to understand the endogenic processes which have shaped the surface of an icy satellite, it
is desirable to quantify the failure strength of the satellite's lithosphere. In a crust that is fractured on a
large scale, frictional sliding along pre-existing fractures occurs in response to lower differential stresses
than required to initiate fracture of pristine rock, thus goveming failure of a brittle lithosphere. Failure is
predicted along favorably-oriented fracture planes; if fractures of all orientations are assumed to be present in
the crust (as is expected of a heavily cratered lithosphere), frictional failure relations are directly applicable.
The Coulomb criterion predicts that the shear stress o, and normal stress ¢,, components on a fracture plane
at failure are related as o, = uo, + S, where S, is the cohesion and u is the coefficient of friction. At
moderate to high pressures, the frictional sliding strength of most materials is found to be o, = 0.850,
[1]. This strength is largely independent of rock type and strength, strain rate, and temperature.

The frictional failure curve for ice, however, deviates from this law [2]. At low temperatures (77<T <
115 K) and moderate pressures (o, < 200 bar), ice frictional failure can be described by o, = 0.555, + 10
bar, independent of temperature or sliding rate. The frictional failure curve for real surfaces probably does
not have a cohesion intercept, but may instead have vertical tangency to the shear stress axis, conceptually
intercepting the origin [3]. Constraining the frictional failure line for ice to pass through the origin, o, =
0.690,, is obtained [2].

At low confining pressures (o3 < 30 bar), frictional sliding of a variety of rock types is strongly
dependent on the surface roughness of the pre-existing fractures [1, 3]. Such low stresses are applicable in
considering frictional failure of low gravity satellites such as Miranda. The frictional strength of ice has
been tested down to o3 = 3 bar [2], but the effect of surface roughness has not been directly evaluated.

Near the horizontal surface of a planet, lithospheric stresses may be resolved into three principal stress
directions, one of which is vertical and the other two are horizontal. In a lithosphere of average density p
subject to gravitational acceleration g, the vertical principal stress can be equated (in the absence of pore
pressure) to the lithostatic pressure pgz at some depth z. In the case of horizontal compression, the
maximum compressional stress o; is horizontal and the minimum compressional (maximum tensional)
stress o3 is vertical; in the case of horizontal extension, the opposite is true. With one principal stress thus
known, the other necessary to induce failure may be determined by

o 1/ 2
o—1=2p[ p+1+/,t]+l
3

for some value of friction and negligible cohesion [4].

The maximum horizontal stress that may be supported in a lithosphere may be represented as the
difference oy, - g, between the horizontal and vertical principal stresses [5], with compression being
considered positive. Frictional failure stress is plotted a function of depth in Figure 1 for a crustal density
of 1000 kg m-3, gravity = 0.09 m s2, and friction values u = 0.5 and 0.7, chosen as bounds to the ice
frictional failure data.

As illustrated by Figure 1, frictional failure strength of the brittle lithosphere increases with depth as
lithostatic pressure increases for both compression (o3 vertical, positive stress) and extension (o; vertical,
negative stress) until the brittle-ductile transition depth is reached. Below this depth, lithospheric strength
is controlled by creep of the ductile crust and decreases with depth. Behavior of the ductile lithosphere is
dependent upon composition, temperature, and strain rate. Plotted on Figure 1 are curves that represent the
ductile strength of cold ice based on the data of [6]. A strain rate of 10-16 s-1 and a surface temperature of
60 K are chosen, and the labeled curves represent thermal gradients of 2, 5, 10, and 20 K km-1,
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The plot shows that the maximum strength of Miranda's lithosphere (that at the brittle.ductile
transition) is small. Failure in compression (reverse faulting) is induced by < 50 bar of horizontal stress, a
stress close to that which may cause folding of an ice crust 7], indicating that both deformation styles
might be active in a compressional regime. Less than 20 bar could cause failure in extension (normal
faulting), a stress which could be supplied by satellite expansion of < 0.05% [8).

If troughs in Miranda's Elsinore Corona are graben whose faults intersected near the brittle-ductile depth
transition at the time of their formation, a transition depth of ~5 to 10 km is implied [9]. This necessitates
a paleo-thermal gradient ~10 to 20 K km-1, A steeper thermal gradient (and/or a lesser strain rate) is
suggested if narrow troughs (~1 km wide) in Elsinore and Inverness Coronae are graben that formed in a
similar fashion. A lower thermal gradient earlier in Miranda's history may have facilitated formation of
broader troughs, which appear to be more ancient [10].

Comparing the results of Figure 1 to those for Ganymede [2], it is apparent that lower satellite gravity
results in much lower frictional strength and in a somewhat deeper brittle lithosphere. Lower surface
temperature significantly lowers the depth to ductile ice behavior for a given lithospheric stress, thermal
gradient, and strain rate. The results here can be directly applied to Enceladus, which has a gravity and a
surface temperature similar to those of Miranda. Enceladus displays subparallel troughs ~4 km wide that
may be graben which formed in a brittle lithosphere ~3 km deep. For a water ice lithosphere, low stress
but high paleo-thermal gradient (>20 K km-1) is indicated. Such a high gradient is likewise necessary to
account for the shapes of some craters on Enceladus if a water ice lithosphere is assumed [11].

The results of Figure 1 are somewhat suspect because of poor constraints on the creep of ice at very
low temperatures. In addition, the lithospheres of Miranda and Enceladus are probably not composed of
pure water ice: Miranda possesses a dark contaminant, and both lithospheres may be composed of a mixture
of water and other ices, which could allow ductile behavior at lower temperatures and more gentle thermal
gradients. In addition, the possible effect of fracture roughness needs to be evaluated, as this might cause
the friction coefficient 4 to vary be more than an order of magnitude, greatly affecting the slope of the
frictional strength line.

The low frictional strength of low-gravity satellites permits relatively minor lithospheric stress to
result in surface deformation; therefore, only small horizontal stresses are necessary to account for observed
endogenic deformation on Miranda and Enceladus. The low surface temperature of these satellites
necessitates steep thermal gradients to produce shallow ductile behavior of a water ice lithosphere.

Figure 1. Maximum
horizontal stress which can
be supported in an ice
lithosphere for Miranda (or
Enceladus). Strength of the
brittle lithosphere s
controlled by frictional
failure and is bracketed by
straight lines for u = 0.5 and
0.7 for gravity g = 0.09
m s°“. Ductile strength
curves for cold ice are for a
strain rate of 10-16 s-1 4
surface temperature of 60 K,
and thermal gradients as
indicated. Dots indicate
depths at which T = 195 K is
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attained, below which the
low-temperature ice flow law
parameters used here are no
longer strictly valid [6].
Compressional stress is
taken to be positive.
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SURFACE PROCESSES AND GEOMORPHOLOGY




ANCIENT OCEANS AND MARTIAN PALEOHYDROLOGY. V.R. Baker, R.G.
Strom, V.C. Gulick, J.S. Kargel, G. Komatsu, and V.S. Kale, Lunar and Planetary Laboratory,
University of Arizona, Tucson, AZ 85721.

The concept of the hydroiogicai cycie is one of the greai achievemenis in the undersianding
of nature. Intellectual history's premier hydrologist, Leonardo da Vinci, seems to have held two
simultaneous views of the cycle: (a) an external process in which evaporation from ponded areas
leads to precipitation and runoff from the land (the prevailing terrestrial view), and (b) an internal
process in which subsurface pressures from within the Earth force water upward, as in blood
pumped through a human body. After 500 years, a very similar paradox applies to our modern
view of the long-term planetary hydrological cycle on Mars. Numerous morphological features,
notably the valley network systems of the heavily cratered terrains (1,2,3), imply formation by
dynamical cycling of water. The sapping process responsible for most valley networks (4)
requires a persistent flow of ground water that can only occur with long-term hydraulic head
differentials to drive the flow in subsurface aquifers (5,6). Either endogenetic or exogenetic
hydrological cycling is necessary to explain these relationships.

Endogenetic hypotheses for valley genesis on Mars maintain the necessary prolonged
ground-water flows by hydrothermal circulation associated with impact cratering (7) or with
volcanism (8,9,10). However, we note that the extensive volcanogenetic hydrological systems
necessary to explain widespread valleys are consistent with a continuumn of processes up to the
megascale of Tharsis and Elysium. This observation, plus the discovery of evidence for extensive
inundation of the northern plains of Mars (11,12,13,14) and the discovery of evidence for exten-
sive glaciation in the southern hemisphere (15), led to our proposal of episodic ocean formation
and related hydroclimatological change throughout Martian history (16,17). Our model was found
consistent with a range of otherwise enigmatic observatons, including the formation of Amazonian
valley networks (5,18) and the formation of layered deposits in Valles Marineris through repeated
lake filling and breaching (19). Our continuing work reveals even more detailed consistency with
this conceptual scheme, including the extensive glaciation of the Hellas region (20) in Middle
Amazonian time (21), further documentation of the glacial landforms used to establish southern
hemisphere glaciation (22), and a coincidence of ages (within resolution capabilities) of principal
elements in the late-stage global hydrological system (23).

We find it remarkable that the various Amazonian phenomena that we describe exist in
temporal and spatial associations that imply a common genetic cause. Alternative hypotheses can
be offered for many of the individual glacial, oceanic, fluvial, periglacial, and permafrost land-
forms that we have associated with a global hydrological system. If these apply, how fortuitous
that the resulting landforms have been positioned to also be consistent with regional glaciation,
ocean formation, and associated climatological change.

The best preserved evidence of ocean formation and related glaciation occurs late in Martian
history. The ephemeral Amazonian sea in the Elysium basin, described by Chapman et al. (24), is
probably a vestige of this late epoch. The associated phenomena are concentrated volcanic acavity
at Tharsis and Elysium, plus phases of outburst flooding. Our model of outburst through the
Valles Marineris (16) is consistent with morphology there (25), but the precise volcanogenetic
mechanism requires further formulation. Nevertheless, we note that the clear association of the
Mangala Vallis outflow system with a local source at Memnonia Fossae (26) implies a similar
connection to a Tharsis volcanogenetic source. The concentration on Mars near Tharsis of 90% of
flood discharges indicated by outflow channel sizes is another fortuitous circumstance if the
indicated genetic connection is denied as an "outrageous hypothesis."

Pre-Amazonian episodes of ocean formation and warm-wet climate are also indicated.

Ocean development may have been more extensive, but associated landforms are degraded and not
easily related to ocean size. Theoretical scenarios for ocean formation (27) and warm-wet climatic
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conditions (28) are most convincingly argued for earliest Martian history, when direct landform
evidence is lacking. The best evidence for these model scenarios is indirect, in the temporal
sequence of valley network development (29), presumably in response to the prevailing climatic
conditions. However, endogenetic mechanisms of cycling water (hydrothermal systems) compli-
cate this relationship (30).

Modeling of small-scale volcanogenetic hydrothermal systems for typical Mars conditions
(30) shows adequate discharges achieved for valley network development. Scaling upward to the
immense hydrothermal system that would have to be associated with large-scale Tharsis volcanism
exceeds any terrestrial experience by orders of magnitude. The cataclysmic initiation of outflow
centered upon Tharsis is so remarkable as to compel a genetic association. Alternatives may be
found to our hypothesis of massive volcanism triggering the water outflows (16), but these must
also explain the numerous attendant phenomena that are manifested in the Martian landscape. Any
alternative scheme must provide for global hydrological cycling, achieving, as in Leonardo's
paradox, an overall consistency and economy of explanation.
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EVOLUTION OF THE MARTIAN HYDROSPHERE. V. Baker, Department of
Geosciences and Department of Planetary Sciences, University of Arizona, Tucson, AZ 85721.

The concept of the hydrological cycle is one of the great achievements in the understanding
of nature. Intellectual history's premier hydrologist, Leonardo da Vinci, seems to have held two
simultaneous views of the cycle: (a) an external process in which evaporation from ponded areas
leads to precipitation and runoff from the land (the prevailing terrestrial view), and (b) an internal
process in which subsurface pressures from within the Earth force water upward, as in blood
pumped through a human body. After 500 years, a very similar paradox applies to our modern
view of the long-term planetary hydrological cycle on Mars. Numerous morphological features,
notably the valley network systems of the heavily cratered terrains (1,2,3), imply formation by
dynamical cycling of water. The sapping process responsible for most valley networks (4)
requires a persistent flow of ground water that can only occur with long-term hydraulic head
differentials to drive the flow in subsurface aquifers (5,6). Either endogenetic or exogenetic
hydrological cycling is necessary to explain these relationships.

Endogenetic hypotheses for valley genesis on Mars maintain the necessary prolonged
ground-water flows by hydrothermal circulation associated with impact cratering (7) or with
volcanism (8,9,10). Moreover, the extensive volcanogenetic hydrological systems necessary to
explain widespread valleys are consistent with a continuum of processes up to the megascale of
Tharsis and Elysium. This observation, plus the discovery of evidence for extensive inundation of
the northern plains of Mars (11,12,13,14) and the discovery of evidence for extensive glaciation in
the southern hemisphere (15), led to a proposal of episodic ocean formation and related hydrocli-
matological change throughout Martian history (16,17). The model is consistent with a range of
otherwise enigmatic observations, including the formation of Amazonian valley networks (5,18)
and the formation of layered deposits in Valles Marineris through repeated lake filling and breach-
ing (19). Continuing work reveals even more detailed consistency with this conceptual scheme,
including the extensive glaciation of the Hellas region (20) in Middle Amazonian time (21), further
documentation of the glacial landforms used to establish southern hemisphere glaciation (22), and a
coincidence of ages (within resolution capabilities) of principal elements in the late-stage global
hydrological system (23).

Ocean formation on Mars was episodic. The best evidence for the process is for the latest
episodes. Coincident cataclysmic flood discharges to the northern plains, probably triggered by
Tharsis volcanism (16), would lead to immense consequences. Potential volumes of ponded water
are summarized in Table 1. Regrettably, these figures are highly approximate because of large
errors (as great as £1.5 km) in the existing topographic data set. At various contour levels the
modern northern plains geometry permits water bodies up to oceanic proportions, 4.0x107 km?2 in

area, holding up to 6.6x107 km3 water with an average depth of as much as 1.6 km. Much smaller
pondings are possible within the basin, but long-term deformation of the planetary surface pre-
cludes meaningful analysis of the inadequate topographic data. Nevertheless, it is interesting that
the maximum water volume that might reside in Oceanus Borealis at its theoretical maximum extent
is equivalent to a planetwide water layer 450 meters thick. This figure is consistent with other
estimates of the Martian water inventory.

The outflow channels have a complex history of multiple flooding events over a prolonged
period of planetary history. We hypothesize episodic outbursts of simultaneous discharge
triggered by the planetary-scale volcanism. The consequences of such episodes are summarized in
Table 2. At total combined discharge rates consistent with the indicated outflow channel dimen-
sions, the various sizes of Oceanus Borealis determined in Table 1 would be achieved in time
periods of days to a few years. The potential source zone of Martian upland terrain that could
hydraulically provide this water transfer would have to be saturated with water and ice to some
thickness. The volumes indicated for various sizes of Oceanus Borealis require saturated thick-
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nesses averaging between 0.5 and 6.6 km over the source region, depending upon the assumed
porosity. The elevated region of Tharsis, underlain by porous lava flows, would probably provide
unusually thick source regions from which to derive outflow discharges.

The massive transfers of water through the outflow channels, from subsurface storage to
Oceanus Borealis, would generate profound changes in climate. The cataclysmic outpouring of
subsurface water would rapidly release dissolved CO7 and evaporated water vapor to the atmo-
sphere. Additional massive amounts of these two greenhouse gases would be generated by inun-
dation of the polar carbon dioxide cap and by evaporation of water and sublimation of ice in the
newly formed Oceanus Borealis. As Martian temperatures rose during the resulting transient
H20-CO greenhouse conditions, additional global change could occur by melting ground ice in
the permafrost of the heavily cratered uplands and possibly by releasing adsorbed CO; from the
previously cold regolith. Modulated by periodic changes of orbital eccentricity and obliquity, the
planet would experience a period of maritime climate with exogenetic hydrological cycling from
ocean to atmosphere to land by precipitation. Colder regions, such as the south polar latitudes,
would receive snow, resulting is the glacial responses described above.

Carbon dioxide is a critical greenhouse gas for driving the modification of Martian climate.
Table 3 lists the sources of carbon dioxide that could be associated with massive, cataclysmic water
transfers late in Martian history. Although we have not done the indicated radiative transfer calcu-
lations, it is clear that much less atmospheric carbon dioxide is needed to produce warm, wet
conditions late in Mars history because of solar luminosity values close to those of today. Even at
the greatly reduced solar luminosity of earliest Mars history, Pollack and others (24) calculate that
on the order of 1 bar atmospheric pressure is required to bring the Martian surface temperature to
the melting point of water ice. Potential sources of CO2 are sufficient (Table 3), and feedback
mechanisms involving the atmospheric effects of associated massive amounts of water vapor will
add to the surface warming.

It is remarkable that theoretical possibilities and observed Martian surface phenomena are in
such accordance. The various Amazonian oceanic, volcanic, and glacial phenomena exist in
temporal and spatial associations that imply a common genetic cause. Alternative hypotheses can
be offered for many of the individual glacial, oceanic, fluvial, periglacial, and permafrost land-
forms that are ascribed to a global hydrological system. If these apply, how fortuitous that the
resulting landforms have been positioned to also be consistent with regional glaciation, ocean
formation, and associated climatological change. Alternatives may be found to the hypothesis of
massive volcanism triggering the water outflows (16), but these must also explain the numerous
attendant phenomena that are manifested in the Martian landscape. Any alternative scheme must
provide for global hydrological cycling, achieving, as in Leonardo's paradox, an overall consis-
tency and economy of explanation.
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Table 1: Hypsometry of Oceanus Borealis

Equivalent
Contour Volume Area Average Depth Water Layer
km 107 km3 107 km3 km m
0 6.6 4.0 1.6 450
-1.0 3.2 2.0 1.1 220
-2.0 1.0 1.4 0.7 70
Table 2: Filling Rates for Oceanus Borealis
Contours (m)
— 0 -1.0 -2.0
Filling Rates
109 m3s-1 2yr lyr 15 wk
1010 m3s-1 11 wk 5wk 10 days
Source Zone Thickness at
25% Porosity 2.6 km 1.3 km 0.4 km
10% Porosity 6.6 km 3.2 km 1.0 km
Table 3: Sources of Carbon Dioxide
A. North Polar Cap 20 mb
B. Massive Volcanism ' 100 mb
C. Sequestered in Previous Cycle
1. Adsorbed in Regolith
a. Ocean Basin ~200 mb
b. Land ~600 mb
2. Ground Water (Confined) ~1000 mb

3. COzClathrate ~1000 mb
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Alan D. Howard, Department of Environmental Sciences, University of Virginia,
Charlottesville, VA 22903

A global groundwater flow model has been constructed for Mars to investigate hydrologic
response under a variety of scenarios, improving and extending earlier simple cross-sectional models [1].
The model is capable of treating both steady-state and transient flow as well as permeability that is
anisotropic in the horizontal dimensions. A single near-surface confining layer may be included
(representing in these simulations a coherent permafrost layer). Furthermore, in unconfined flow
locations of complete saturation and seepage are determined. The flow model assumes that groundwater
gradients are sufficiently low that DuPuit conditions are satisfied and the flow component perpendicular
to the ground surface is negligible. In spherical coordinates the governing equation is:

K K
d A Ooh dh d AD Jh dh
;ﬁ{"e[c——om EI+KA¢%]}+${"°C°S‘D[C_—os¢H+K¢E]}
=R2Cos<b[5%’;--Q],

where A is longitude, @ is latitude, 4 is the local hydraulic head, R is the planetary radius (assumed
constant), S is the specific storativity (confined portions of the aquifer) or specific yield (unconfined
areas), Q is distributed vertical recharge, K A’K @ and K A the three components of the symmetric

hydraulic conductivity tensor, and h, is an effective aquifer thickness which, in the case of an aquifer with
K that does not change vertically (termed the uniform case) is equal to (hy - hy), where hy and hy are the
elevations of the top and base of the aquifer, respectively. In confined situations he equals (hc - hy),
where h is the base of the confining layer. In some simulations K was assumed to decrease
exponentially with depth from the surface at elevation kg (the exponential case), giving an effective
thickness of

1 ‘a(hs - hﬂ)

where a is a decay constant (in these simulations the aquifer is assumed to be unbounded at depth). In
these simulations storativity was assumed also to decrease exponentially with depth with the same decay
constant. In unconfined regions h, equals the water table elevation, but in confined circumstances h,, is
the base of the confining layer, Ac.

Surface elevations were taken from the new 1:15M Mars topographic map. Two sets of elevations
were recorded for each grid-point location, the first (the nominal set) being the local elevation, which,
however, was adjusted upwards to the level of the surrounding uplands if the gridpoint occurred within a
crater or in an erosional channel. However, locations in craters large enough to encompass more than one
grid points (e.g., Hellas and Argyre) were represented by the local elevation. The second set of
elevations (the fluvial set) was taken in the same manner as the nominal set except that the elevation was
adjusted downwards to the elevation of the bottom of any nearby erosional channel. Thus the nominal set
is assumed to represent the pre-channeling landscape and the fluvial set to represent the present fluvial
base level. Examination of both outflow and the larger cratered-terrain valley networks reveals that most
flowed down essentially the present regional topographic gradients. The few local disparities between
inferred channel flow directions and topographic maps (e.g. Nirgal, Dueteronilus, Mangala) are probably
as likely to be due to uncertainties in topographic mapping as to regional tectonism. The major exception
is the Tharsis volcanic construct, largely postdating the development of valley networks. However, flow
directions of most outflow channels associated with the margins of Tharsis appear to be consistent with
present topographic gradients, suggesting that most of the marginal updoming and normal faulting in
Valles Marinaris predated the outflow channels. In addition, the direction and degree of development of
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the valley networks suggests that the north-south topographic discontinuity (highlands-lowlands transition)
had essentially its present configuration prior to the development of the late Noachian valley networks.
Thus the present topography reasonably can be considered to be indicative of conditions during channel
development.

In simulations with a finite aquifer thickness, the local base of the aquifer, h], was set to a given
elevation below the local fluvial elevations. In the present simulations the aquifer thickness below the
fluvial elevations was assumed to be areally uniform.

The flow equations were solved using a finite difference method employing 10-degree spacing of
latitude and longitude. A successive over-relaxation method (SOR) was used for steady-state solutions
and a Crank-Nicholson method with iterative solution at each time step was used for transient simulations.
The correctness of the solution method was checked in part by confirming mass conservation. In
addition, an independent, finite element flow model was also constructed for steady-state conditions and
compared to the finite difference model. The finite element model represented the planet by triangular
planar elements matched at their edges and the flow equations were cast in cartesian form. The two
models gave essentially identical solutions.

The initial guess for steady state flow simulations was a level water table with an elevation equal
to the lowest surface elevation on the planet (the bottom of Hellas). If the base of the aquifer was above
this level then the water table was set to the base of the aquifer. Steady state simulations assumed a
constant recharge of the aquifer from the surface. In most cases an areally uniform recharge rate was
assumed, but some simulations were conducted that assumed recharge to be a function of latitude and/or
elevation:

Q=00 [Cos® ] {1+ h)

where Qg is a nominal recharge rate, and f is an input parameter. The bracketed latitude correction is
optional. Recharge to fixed-head and confined portions of the aquifer was set to zero. The only location
on the planet that was specified as fixed-head at the beginning of the iterative solution was the bottom of
Hellas. Locations of saturation and, therefore, seepage were determined during the SOR iterative solution
by identifying during each iteration locations where the predicted head, A, was greater than the surface
elevation, hg. Such locations were converted to fixed-head for succeeding iterations until the steady-state
solution was achieved. A similar procedure was used to identify confined portions of the aquifer
wherever the predicted head was greater that the bottom of the confining layer, .

Transient flow simulations started from steady state conditions, and involved either of two
scenarios: 1) Draining: The aquifer system is initially equilibrated with a specified recharge rate and
then drained with no further recharge, and 2) Filling: The aquifer system initially has no available water
(i.e., it is set to the initial conditions for the steady state iterations as described above) and the aquifer
then fills towards steady state with a specified constant recharge.

Steady-state flow simulations. Steady-state flow simulations have been conducted to investigate
effects of parameter variation, particularly the ratio of recharge rate, Q, to intrinsic permeability, k.
Hydraulic conductivity has been assumed to be isotropic and uniform in these simulations. Another set of
runs examines the effects of a confining permafrost layer extending from the poles to a variety of
latitudes. Finally some simulations have been conducted to examine the effects of spatially variable
recharge and anisotropic permeability.

Transient flow simulations. A two-dimensional flow model had previously been used to calculate
the length of time for martian aquifers to drain following cessation of recharge [I1]. These figures are
updated here using the global flow model. Results from a number of simulations run with different sets of
model parameters were analyzed by multiple regression to determine estimating equations for the length
of time for specified percentages of filling, #, or draining, t4, of the aquifer. The estimating equation for
draining flows is given by

5 v

td=CdgG Vi
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where Cjy is a coefficient (see table below), v is the water viscosity, 7 is the porosity, k is the intrinsic
permeability (note that hydraulic conductivity, K equals kg/v), g is the gravitational constant, G is the
average hydraulic gradient at the start of aquifer draining, and V; is the ratio of the available water
volume (water above the lowest discharge point in Hellas) to the total water volume (including water
below the lowest discharge point) at the start of aquifer draining. The exponents take the values of 8=-1.3
and =1 for the uniform case and 6=-1.0 and ¥=-1.4 for the exponential case. Similarly, for the case of
filling flows:

or, 1€ 7
=CenQ [k_g'] D

where D is the depth from the surface to half-value of the permeability (0.693/a) and the exponents take
the values of 0=-0.8, £=0.2 and =0 for the uniform case and 6=-0.8, e=0.2 and 7=1.3 for the exponential
case. The times to filling or draining can be specified in two ways: 1) the time required to drain or fill a
specified percentage of the total available water volume (constants Cgy and Cg); or 2) the time required
for the total discharge of water to decrease or increase by a specified percentage (constants C4q and Cgg).
The values of the coefficients are given below:

Percent
Change Uniform Case Exponential Case
Cav Cyy Caq Ctq Cav o Cdq Ctq

10 13.59 0.545 4.33 1.94 69 0.33 29.4 8.49
25 36.9 1.45 10.3 3.58 255 0.84 90.7 1.34
50 146 3.07 31.6 5.61 1148 1.78 306.3 2.67
75 463 532 1084 7.91 5115 2.96 1195 392
90 904 7.73 298 9.91 30019 4.17 3346 5.11

In using this table Q is expressed in cm/yr, D in km, k in darcies, g in cm/sec2, v in cm2/sec, and times, ¢,
in 106 yr.

The times for aquifer draining are generally comparable to those reported for the two-dimensional
simulations [1]. For example, for the uniform permeability case with 1=0.2, k=1, G=0.0017 and V=0.67
the 2-D simulations with a representative aquifer length of 3000 km indicate the time to 75% draining as
5.6x106 yr, and the present simulations indicate 12x106 yr for the uniform aquifer and 48x106 yr for the
exponential aquifer. However, the draining times increase much more strongly with percent draining than
in the case of the 2-D simulations because the length-scale increases as draining progresses and the water
must flow towards more distant exit points.

Times for aquifer recharge are essentially inversely proportional to recharge rate. Furthermore,
recharge generally occurs much more rapidly than draining for comparable regolith permeability. For
example, recharge at a rate of 1 cm/yr will fill the regolith to 75% of its steady-state capacity in only
150,000 years (assuming 7=0.2 and k=1) compared to tens of millions of years for a comparable
percentage of draining. In addition, recharge rates are only weakly dependent upon aquifer permeability.

References:
[1] Howard, 1990, Rpts. Planetary Geol. Geophys Prog., NASA TM 4210, 342-344.
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ROLE OF GROUNDWATER IN FORMATION OF MARTIAN CHANNELS
Alan D. Howard, Department of Environmental Sciences, University of Virginia,
Charlottesville, VA 22903

A global 3-D model of groundwater flow [1] has been used to investigate possible behavior of
groundwater on Mars and its role in creating fluvial features. This report supplements and expands on
conclusion drawn from an earlier 2-D groundwater model /2], and is organized into topical headings:

Timescales of groundwater flow: Results from the 3-D model [I] confirm the timescales for
draining of near-surface aquifers inferred from the 2-D model /2]. The modeling indicates the difficulty
of sudden mobilization of large quantities of groundwater to create outflow channels as suggested by Carr
[3]. Aquifers with high permeability (e.g., 103 darcies) would tend to drain to the lowest available
discharge point within 104 years, probably shorter than timescales for development of confining
permafrost. If this water were confined by a coherent permafrost, highest artesian gradients would not be
in the location of outflow channels but in the lowest basins on Mars, including those in the northern plains
and especially Hellas (Fig. 1).

Because of the distributed nature of inputs, recharge of aquifers from surface infiltration from
rain, snowmelt, or permafrost degradation occurs very rapidly, with timescales for equilibration with a
constant recharge rate of 1 to 10 cm/yr being on the order of 105 to 104 years. Spring-fed streams and
groundwater sapping processes would become active during relatively brief periods of climatic
amelioration due to orbital variations, volcanic activity, or impact events or due to regional changes in
geothermal heat flux due to volcanism,

"Wet" Areas on Mars and location of outflow channels: The global simulations imply which areas
were likely to have been characterized by the presence of near-surface waters or groundwater efflux
during past epochs. The groundwater model utilizes present topography (Fig. 1), except that most
simulations conceptually fill in fluvial channels in order to examine flow conditions contributing to their
formation. An accompanying abstract /1] argues that the present topography can be considered to be
indicative of conditions during channel development.

Figure 2 shows areas that have steady-state water levels less than 200 meters below average land
surface elevations under for areally uniform recharge and for a variety of values of the recharge to
permeability ratio (Q/k). Although the assumption of surface recharge may be invalid for most or all of
Mars' history, the simulations still show the likely flow patterns, relative depths, and exit locations of
water introduced into regional aquifers from any source, including melting of surficial permafrost layers.
Potential wet areas are primarily located in the lowest portions of the planet (Hellas and low portions of
the northern lowlands) but also in moderate-depth regional depressions (e.g., Argyre). Wet areas also
occur along lower portions of regional slopes, particularly in low areas intruding into highlands; such
areas are generally also locations of strong groundwater discharge. Outflow channels and some larger
valley networks are generally located in such areas (Fig. 1), such as Al Qahira, Ma'adim, lower Kasei,
Maja, and Vedra Valles, the possible source of Kasei adjacent to Hebes Chasma, and the chaotic terrain
of Margaritifer Sinus and associated outflow channels. The major exceptions are the channels emptying
into Deuteronilus and Protonilus Mensae (Auqakuh and Huo Hsing Valles and Deuteronilus channel)
which according to present topographic maps are near the crest of the upland-lowland scarp, and Mangala
Valles, which is indicated to flow across a topographic nose.

Implications for Valley Networks: By contrast with the outflow channels, concentrations of valley
networks (stippled in Fig. 1) generally occur on high portions of the cratered uplands and thus in areas
that are relatively "dry" (Fig. 2). That is, any recharge or release of water by melting of regolith ice
would tend to migrate vertically to a deep water table and then flow laterally to exit in the "wet" areas of
Mars. This implies that the suggestions of a sapping origin to these channels [4,5,6,7] are unlikely unless
the surface aquifer is very shallow (e.g. perched on permafrost or a duricrust) or water is released locally
by melting of permafrost due to volcanic intrusions [6] or impact-generated heat [7,8]. However, the
amount of surficial materials eroded during formation of the networks suggests that more volume of water
was required than could be stored in the regolith at levels above the channels /2,9,10]. Thus the channels
may have originated by runoff erosion (or sapping erosion from perched aquifers) during a warmer and
moister Noachian climate /2,11].

The enigma of Hellas: The bottom of Hellas is the lowest location on Mars by a margin of about
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2 km. It would therefore be the ultimate base level for global groundwater and regional surface flow. A
variety of evidence has accumulated that the northern lowlands has served as a sink for sediment eroded
from the highlands-lowlands boundary with corresponding water, mud, or ice-covered seas, and features
suggestive of shorelines have been identified [12]. Valles Marineris has layered deposits that may
represent subaqueous deposition [13]. The bottom of Hellas also has deposits that could be fluvial or
lacustrine, and it has received drainage from two outflow channels. However, cursory inspection of
images of the Hellas basin does not reveal the prominent shorelines that should have been formed if
Hellas has served as the baselevel for local and planet-wide groundwater flow. A variety of explanations
could be devised for the absence of lacustrine features (particularly impermeable rocks on the flanks of
Hellas, rapid evaporation, obliteration of shorelines by mass-wasting or eolian erosion, etc.), including the
possibility that pronounced regional groundwater flow has never occurred on Mars except under special
circumstances such as by geothermal melting of permafrost.

Absence of fluvial or periglacial features on Syrtis Major: Most of the strongly sloping
highland-lowland scarps exhibit either development of outflow channels or periglacial features such as
fretted terrain [14]. The absence of either on the strong Syrtis Major slope is problematical, particularly
because Syrtis Major is a major re-entrant of the highland-lowland scarp, which in other circumstances
has generally encouraged formation of channels. One explanation might be the absence of late-Hesperian
or Amazonian volcanism, which has been argued to be instrumental in melting of ground ice to form the
circum-Tharsis outflow channels /3,15]. However, Syrtis Major has a very small contributing upland
area, and much of the subterranean water could have been diverted to the nearby and lower Hellas (Fig.
1). In fact, the simulations show that "wet" conditions are mostly limited to Isidis Planitia (where features
suggestive of a former periglacial and/or lacustrine environment abound /16]) and do not extend far up
the regional slope onto Syrtis Major (Fig. 2). The presence of thick volcanic plains in Syrtis Major may
also have contributed to a deep water table.

Development of chaotic terrain and associated outflow channels: A role of artesian groundwater
in development of chaotic terrain and its associated outflow channels has been suggested by Carr [3].
Carr's model, involving rupture of an artesian groundwater reservoir confined by permafrost, requires
very high regolith permeability, but this model has deficiencies discussed above. Chaotic terrain has also
been compared to collapse features resulting from permafrost degradation or to sudden mobilization
(liquefaction) of sediments with high void ratios [17]. These models require mechanisms for generation
of large ice contents in the regolith. A mechanism is suggested here which combines aspects of the Carr
(3] and Nummendal and Prior [17] models. The chaotic terrain lies near the base of the highland-lowland
boundary in the Chryse trough (Fig. 1). This is a potentially wet area under unconfined conditions and an
area of high artesian pressures if confined by permafrost, as pointed out by Carr. Although permafrost is
in long-term disequilibrium in equatorial areas /18], import of water from groundwater flow would easily
compensate for slow dehydration by water vapor diffusion to the surface through the regolith. Thus a
coherent permafrost is likely to have formed in this area. Furthermore, segregated ice would probably
have been formed during permafrost growth, and intrusions of ice sills and laccoliths may have occurred
due to the artesian conditions. Thus the role of artesian groundwater may not have been a direct
dewatering of a large aquifer, but more indirect through slow development of thick ice layers which
might then have melted due to intrusions or enhanced geothermal heat flow. Another possibility is slow
intrusion but sudden breaching of water laccoliths emplaced at the base of the permafrost. In either case
the need for very high aquifer permeability is avoided.

Structurally-controlled valley networks: Some martian scarps are dissected by long, narrow,
reticulate valleys that are obviously structurally controlled. The best examples occur in and around the
bend of Kasei Valles at 10-33°N 70-80°W, including the Sacra Fossa and the arborescent network
dissecting the floor of Kasei. The angle, v, included between the tapering sidewalls is a function of the
ratio, R, of the scarp backwasting rate along the fracture to that of inter-fracture areas:

Siny2=1R.
Measurements in Sacra Fossa suggests R values from 5 to more than 35. Recharge-fed sapping valley

networks on the Colorado Plateau show much less extreme structural control, even where fracture control
is best developed [19]. The very strong structural control may be due to sapping by artesian upwellings
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along fractures. This area may have been characterized by artesian groundwater capped by permafrost
with water derived from the Lunae Planum uplands [14]. The spacing between enlarged fractures (ca. 25
km) is probably much larger than the characteristic spacing of fractures in the plateau material,
suggesting control by flow through only the widest fractures coupled with inhibition of erosion along
intervening fractures due to drawdown effects of those fractures that have been enlarged. The eroded
debris could either have been removed by fluvial flow (although the valley walls lack the sinuous
undercutting that characterizes valleys such as Nirgal) or by ice flow, analogous to the fretted terrain.
References: [1] Howard, 1991, A martian global groundwater model [this volume]; [2] Howard,
1990, NASA TM 4210, 342-344; [3] Carr, 1979, J. Geophys. Res., 84, 2995-3007; [4] Pieri, 1980,
NASATM 81979, 362 p.; [5] Baker, 1982, The Channels of Mars, U. Texas, Austin, 198 p.; [6]
Brakenridge et al., 1985, Geology, 13, 859-62; [7] Brackenridge, 1990, J. Geophys. Res., 17289-308; [8]
Wilhems and Baldwin, 1988, LPSC XIX, 1270-1; [9] Howard, 1988, NASA SP 491, 1-5; [10] Goldspiel
and Squyres, 1991, Icarus, 89, 392-410; [11] Masursky, 1973, J. Geophys. Res., 78, 4009-30; McCauley
et al, 1972, Icarus 17, 289-327; [12] Parker et al., 1989, Icarus, 82, 111-45; [13] Nedell et al, 1987,
Icarus, 70, 409-41; [14] Howard, 1991, Role of artesian groundwater in forming martian permafrost
features [this volume]; [15] Tanaka and Chapman, 1990, J. Geophys. Res., 95, 14315-23; [16] Griffazi
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Fig. 1. Contours of generalized mars topography (kms) with areas of abundant small valley
networks stippled (from [20]), major outflow channels as heavy lines or thin lines with arrows (Chryse
region), and chaotic terrain (cross-ruled).
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Fig. 2. Wet and dry areas of Mars. Contours show areas with groundwater at steady state within
200 m of ground surface (including saturated areas) for various values of the ratio of vertical recharge, Q
(in cm/yr), to intrinsic permeability, k (in darcies). Particularly "wet" areas are stippled (Q/k < 0.5) and
"dry" areas shown by dashed pattern (Q/k 2 0.2 for near-saturation conditions).
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ROLE OF ARTESIAN GROUNDWATER IN FORMING MARTIAN PERMAFROST FEATURES
Alan D. Howard, Department of Environmental Sciences, University of Virginia,
Charlottesville, VA 22903

Various landforms possibly related to formation (growth), movement, or decay of ground ice have
been identified on Mars, including fretted terrain (f?) and associated lobate debris aprons (lda) [1,2,12,13],
the chaotic terrain /3], concentric crater fills (ccf) [2], polygonal ground [4], "softened” terrain [5], small
domes that are possibly pingos [6], and curvilinear (fingerprint) features (cuf) [4,7]. Glaciers may also
been formerly present /8]. Some of these may involved ice derived from artesian groundwater.

Mars groundwater and the location of permafrost features: Several permafrost landforms
including ft, Ida, ccf, and, possibly, cuf are located in narrow latitudinal belts [2,4,5] (Fig.1). The lack of
such features poleward of $60° latitude may result from ground temperatures too low for appreciable ice
flowage, and the equatorward limit at £30° is thought to result from climatic disequilibrium of permafrost
in equatorial regions. The permafrost features are widely distributed in the northern band, but occur in
the southern hemisphere only in the vicinity of Hellas and Argyre (Fig. 1). Squyres /2] suggests that the
the restricted southern distribution may be due to regolith properties in the vicinity of major impacts.
However, these permafrost features reveal a consistent topographic pattern (Fig. 1). The fretted terrain,
concentric crater fills, and lobate debris aprons (and, possibly, curvilinear features) occur along, and
particularly near the base of, high-relief regional slopes. Most are associated with the north-south
highland-lowland scarp, but some occur on the lower flanks of Elysium and in the Hellas and Argyre
depressions. The southern highlands lacking these features, and in the north these features are absent near
the tops of volcanic constructs and rare in the center of the major basins. Their absence poleward of
+60° may be related more to the absence of strong regional slopes than to reduced ice mobility.

The ft, lda, ccf, and cuf occur where groundwater may have discharged if it were unconfined [9].
Lowland areas are thus more likely to have developed permafrost with a completely saturated regolith
than highlands such as the southern hemisphere cratered terrain (which is likely to have been drained of
near-surface water during warmer epochs, during the early periods with higher geothermal heat or due to
episodes of ground heating by volcanism or impact cratering). Even if early climates were occasionally
warm enough for recharge from precipitation, water tables would have been deep in highlands [9].

In addition, the scarp-base locations of permafrost features favor artesian overpressuring. A
martian global groundwater model [10] was utilized to predict where artesian overpressuring might occur
(Fig. 2). In this simulation groundwater is assumed to be recharged (and discharged) in the latitude belt
120° (groundwater could also be derived from melting of permafrost). Poleward of $20° a coherent,
impermeable permafrost was assumed to extend from the surface to a depth of 1 km at the equatorward
limit and to a depth of 4 km at the poles. Figure 2 shows contours of the artesian gradient, defined as (h -
ho)/(hg - he), where h is the hydraulic head, A is the surface elevation, and A is the elevation of the
base of the permafrost. Values greater than zero indicate artesian conditions (values less than zero are
not shown). The permafrost features generally occur in areas predicted to have artesian conditions. The
exceptions are portions of Deuteronilus, Protonilus, and Nilosyrtus Mensae, which extend high onto the
highlands-lowlands scarp. However, the distribution and magnitude of artesian gradients are highly
sensitive to the assumed distribution and thickness of ground ice, the assumed locations and magnitude of
recharge, uncertainties in the surface topography, and the hydrologic properties of the regolith.
Minimally the artesian conditions would assure development of permafrost with ice completely filling
voids. In addition, as detailed below and in [9], other effects may have occurred, including springs,
supply of water to glacial flows, development of segregated ice, intrusion of ice (or water sills) and
pingos, and rapid release of water derived from melting of segregated or intruded ice.

Softened terrain, possibly resulting from creep of ground ice [5], does not follow the above
distributional pattern. It is more widely distributed latitudinally and occurs on a variety of topographic
setting. If it is a permafrost feature (see dissents [11]) it probably does not involve artesian groundwater.

Role of artesian groundwater in formation of fretted terrain, lobate debris blankets, and
concentric crater fills: The ft, Ida, and ccf are thought to result from slow flow of debris and ice outward
from steep scarps, with differences primarily resulting from variations in the topographic setting (narrow
troughs, scarp margins, and crater interiors). Mechanisms that have been proposed are gelifluction [12],
rock-glacier flow with ice derived from seasonal frosts incorporated in mass-wasted debris /2], and flow
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of ice-rich layers beneath the uplands, which thereby erodes the scarp margin [13]. As pointed out by
Squyres /2], the shape of the debris blankets suggests bulk movement rather than surficial movement of
the debris, casting doubt on gelifluction. Lucchitta [13] has criticized seasonal frost trapping as being
insufficient to generate a high enough ice/rock ratio to permit bulk flow. In addition, the debris blankets
show very little variation with acpect, which would probably occur if deposition and ablation of geasonal
frosts were involved. In turn, the mechanism of flow of ice-rich layers beneath the plateau units is also
deficient. Emplacement of a high ice content beneath the plateau units must be accomplished (filling
voids and development of segregated or intruded ice from artesian groundwater is one possibility).
However, if ice-rich layers in the plateau material were involved in bulk flow, lowering (as the ice flowed
out) and tilting (due to areal variations in ice content) of the plateau surface should occur, as well as
break-up and separation into small blocks due to tensional stresses on coherent upper layers. This
breakup would be accentuated by upward displacement of geothermal isotherms below plateaus (see
below). Although Lucchitta /13] points out an instance of such effects along a fretted channel margin
there is little evidence for downdrop, tilting, or relative movement of residual upland blocks and mesas.

A somewhat different mechanism for generation and flow of ice relies on artesian water pressures.
The height of fretted terrain scarps is on the order of 1-2 km, about the same order of magnitude as the
permafrost thickness. Therefore the bottom of the permafrost is displaced upwards below the scarp (Fig.
3A), and the thinnest permafrost is found near the scarp base. If the sub-permafrost aquifer were
saturated and under artesian pressure, the gradient through the permafrost would be greatest near the
scarp base, and this, coupled with the tendency for the saturated regolith to flow downwards and outwards
could lead to a steady-state situation in which outward flow of ice and debris from the base of the scarp
(aided, perhaps, by development of segregated ice and ice intrusions) would be balanced by replacement
of ice by flow and freezing of groundwater (Fig. 3B). Depending upon the locus of the lower ice-water
contact, greater or lesser amounts of regolith would be incorporated in the outward glacial flow (with
corresponding variation in backwasting rates). This speculative scenario requires modeling of the heat
budget, groundwater flow, ice movement, and regolith response to demonstrates its feasibility.

Source of glacial ice: The former presence of glaciers has been suggested based upon
identification of possible moraines or ice-carved featwes [8]. Although groundwater as a water source
for such glaciers has been suggested /8], objections have been raised. Carr [14] notes that springs in
Arctic areas do not form large masses of ice, but flow for long distances before freezing. Lucchitta /8]
feels that the confined form of the putative glaciers occupying portions of Mars' outflow channels is not
the domical shape that might form from freezing of water reaching the surface. However, glaciers may
have been fed by a mechanism similar to that suggested for the lobate debris blankets (Fig. 3B) in which
groundwater does not have to reach the surface. A variety of phenomena might accompany such
glaciation, including rapid headcutting of the scarps (Fig. 3B), creation of ice-dammed lakes with the
potentiality of catastrophic draining, and jokulhlaups created by episodic draining of sub-ice lakes created
by intrusion of groundwater.

Pingos and other pseudo-volcanic structures: Numerous small domes, some with central
depressions, occur on the southern portion of the northern lowlands. The predominant explanation is that
they are small volcanic domes [15], although an origin as pingos has also been suggested /6], based upon
the very strong resemblance in size and form of open-system pingos to small volcanic cones [17]. An
origin as either closed- or open-system is possible, with the position near the highland-lowlands boundary
possibly providing the requisite artesian pressures for the latter type.

References: [1] Sharp, 1973a,b, J. Geophys. Res., 78, 4063-72, 4073-83; [2] Squyres, 1978,
Icarus, 34, 600-13; Squyres, 1979, J. Geophys. Res., 84, 8087-96; [3] Carr, 1979, J. Geophys. Res., 84,
2995-3007; Nummendal and Prior, 1981, Icarus, 45, 71-86; [4] Rossbacher and Judson, 1981, Icarus, 45,
39-59; [5]1 Squyres and Carr, 1986, Science, 231, 248-52; Squyres, 1989, Icarus, 79, 229-88; [6]
Lucchitta, 1981, Icarus, 45, 264-303, Costard and Dollfus, 1986, LPI Tech. Rpt. 87-02, 211-2; [7] Parker
et al., 1989, Icarus, 82, 111-45; [8] Luchitta, 1982, J. Geophys. Res., 87, 9951-73; [9] Howard, 1991,
Role of Groundwater in Formation of Martian Channels [This volume]:.[10] Howard, 1991, A Martian
Global Groundwater Model [This volume]; [11] Zimbleman et al., 1988, LPSC XIX, 1321-2; Moore,
1990, J. Geophys. Res., 95, 14279-89; [12] Carr and Schaber, 1977, J. Geophys. Res., 82, 4039-54; [13]
Lucchitta, 1984, J. Geophys. Res., 89, B409-18; [14] Presentation at 1989 Fall AGU; [15] Frey and
Jarosewich, 1982, J. Geophys. Res., 87, 9867-70; [16] Muller, 1959, Medd. om Gronland 153(3), 127p.
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Fig. 1. Generalized Mars topography, showing location of Fig. 2. Contours of steady-state artesian gradients through

fretted terrain (heavy dots), concentric crater fills (dashes), curvilinear near-surface permafrost under conditions of complete permafrost N
. features (open circles), and chaotic terrain (cross-hatching). Based upon poleward of 120° latitude and recharge in equatorial regions. =
published maps [2.4,5].

Fig. 3. (A) Distribution 0m permafrost beneath a scarp under conditions of no groundwater or ice flow, and (B) Distribution of ground ice, debris
apron, and ice and water flow patterns under hypothesized model for origin of lobate debris apron. Dotted areas are permafrost or ice-cored debris apron,

ruled areas are regolith.
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GLACIAL AND MARINE CHRONOLOGY OF MARS; Robert G. Strom, Jeffrey S.
Kargel, Natasha Johnson, and Christine Knight; Lunar and Planetary Laboratory, University of Arizona,
Tucson AZ 85721

A hydrological model involving episodic oceans and ice sheets on Mars has been presented by
Daker, e al. {1,2). Onc of the main uncertainties concerning this model ic the age and correlation of these
events. Even more uncertain are their absolute ages. However, based on stratigraphic and cratering evidence,
the most recent occurrence of these events was relatively late in Martian history.

The cratering record on Mars can be divided into three general periods: 1) the period of late heavy
bombardment, 2) a transition period at the end of late heavy bombardment, and 3) the post heavy
bombardment era (3). The crater size/frequency distribution represented by the period of late heavy
bombardment is characterized by a complex curve with a differential -2 slope (cumulative -1) at diameters
less than about 50 km diameter, while the post heavy bombardment size distribution has a differential -3
slope (cumulative -2) over the same diameter range (Fig. 1). On the Martian time-stratigraphic scale, the
period of late heavy bombardment occurred during Noachian and Early Hesperian time and came to an end
during the Middle Hesperian. The post heavy bombardment era began in Late Hesperian time and extends
through the Amazonian Epoch to the present day (3).

Although a Noachian ocean is suggested as a theoretical consequence of a warm, wet early Mars
(4,5), as an element in the hydrological cycling responsible for the widespread Noachian valley networks,
and a cause of an erosional episode near the end of late heavy bombardment (6), there is no direct evidence
for such an ocean. Evidence for a more recent sporadic formation of great northem plains oceans has been
presented by Parker, er al. (7). Since most of the northern plains are Late Hesperian (3,8) these oceans
cannot be older. The outflow channels, thought to be the sources of the oceans, show multiple flow
episodes and ages ranging from Late Hesperian to Late Amazonian (8). High density valleys on Alba Patera
have been attributed to water runoff possibly associated with a nearby ocean (9). The age of the surface on
which these superposed valleys occur is Early Amazonian indicating the valleys and ocean are younger
(Early to Middle Amazonian). Chapman, et al. (10) present evidence that the Elysium basin was occupied
by an ephemeral sea which they date as Amazonian based on stratigraphic evidence. This "sea” may have
been part of the late ocean mentioned above.

There is mounting evidence that widespread episodic glaciation occurred in the southern
hemisphere southward of about 40 degrees (2, 11, 12, 13). The most detailed studies are of the Argye and
Hellas regions (11, 12, 13). Crater counts in the Hellas basin, presented in a companion abstract by
Johnson et al. (13), indicate that the Hellas glaciation occurred during the Middle Amazonian. We also
counted craters on the southern floor of Argyre occupied by ridges (eskers). Although there is evidence for at
least two glacial epochs, the esker plains appear to be the most recent. The craters were divided into three
types: 1) craters with ejecta blankets, 2) craters with no visible ejecta blankets but relatively sharp rims,
and 3) no ejecta blankets and highly degraded rims. The craters with ejecta blankets are probably post
glaciation and equivalent to ejecta blanket craters in Hellas. Fig. 2 is an "R" plot of the size/frequency
distribution of eject blanket craters on the Argyre esker plains and similar craters in Hellas. Also shown for
reference are the Northern Plains (Late Hesperian) and the Tharsis Volcanic Plains (Amazonian). The Hellas
and Argyre curves are essentially identical within the errors, indicating similar ages of glaciation during
Middle Amazonian time. The glacial features (eskers, outwash plains, etc.) recognized in Argyre, Hellas and
elsewhere (11. 12, 13) require glacial melting and running water for relatively long periods of time. This in
turn requires a temperate climate with summer temperatures above the melting point of ice during Middle
Amazonian time. Fig. 3 summarizes the relative chronology of oceans, ice sheets and other major events
in Martian history.

The absolute ages of these events is very uncertain and depends on one's assumptions about the -
origin of the impacting objects and the cratering rate. If the period of late heavy bombardment ended the
same time on Mars and the Moon, then the Middle Hesperian is about 3.8 Gy old. However, if the objects
responsible for late heavy bombardment were accretional remnants, their sweep-up time at Mars would be
extended by about 1 Gy due to perturbations of the objects into the ug secular resonance (14). In this case
the Middle Hesperian is about 2.8 Gy old. Thus, ocean and ice sheet formation on Mars must be
substantially younger than 3.8 or 2.8 Gy. Depending on different models (15, 16), the Middle Amazonian
could be anywhere between about 2.3 to 0.25 Gy, and therefore ice sheets and a temperate climate were
present sometime during this time span. In a separate abstract (12) we estimate that the Middle Hesperian
glacial epoch lasted for a period on the order of 2 million years, to an order of magnitude.
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CHRONOLOGY OF MARS: Strom, et al.

References. 1. Baker, et al., 1990, Lm,_ﬂm,_S_g_XXL 40-41. 2. Baker, et al., 1991, Nature,
submitted. 3. Strom, et al., 1991, Mars, Univ. Arizona Press, in press. 4. Pollack, et al., 1987, [carus,
71, 203-224. 5. Schaefer, M.W., 1990, L._Geophys, Res., 95, 14291-14300. 6. Chapman and Jones,
1977, Ann. Rev, Earth Planet, Sci., 5, 515-540. 7. Parker, et al., 1989, Icarus, 82, 111-145. 8. Tanaka,
K.L., 1986, Proc. Lun, Planet. Sci. Conf. 17th, J. Geophys. Res., 91, E139-E158. 9. Gulick and Baker,
1990, . Geophys. Res., 95, 14325-14344. 10. Chapman, et al., 1990, Lun, Planet, Sci, Conf, XXI, 180-
181. 11. Kargel and Strom, 1990, Lun, Planet, Sci, Conf, XXI, 597-598. 12. Kargel, et al., 1991, Lun.
Planet. Sci. Conf, XXII, this volume. 13. Johnson, et al., 1991, Lun, Planet, Sci. Conf, XXII. this
volume. 14. Wetherill, G.W., 1975, Proc, Lunar Planet, Sci. Conf. 6th, Pergamon Press, 1539-1561. 15.
Neukum and Wise, 1976, Science, 194, 1381-1387. 16. Hartman, et al., 1981, Basaltic Volcanism on the
Terrestrial Planets, Pergamon Press, New York, 1049-1127.

MARS EJECTA BLANKET CRATERS
" Ty | "

i ddeiaal A
. 9
b
— Northern }
L

1 addodsaaal PSR TTI| Aot aaasd

0.01
3

Plains
0.1 =
Plains
R R oo0 4 -
0.01-3 3 :
Mars Nocthern Plaina ::' [
Mors Tharsis Plains i
0.001 A maat L e e  Adad mumean e 10 iy ——rrrey
1 10 100 1000 10 N 10 100
Crater Diameter (km) Crater Diameter (km)
Fig. 1. "R" plot of the crater size/frequency -
distribution of the lunar highlands, martian g:sgm%)uul;mp;?t::s:‘;;zm:ﬁgg:cy
gllgglmns (E?{rly Hespn;nan()i MarsThNoanhmems in Argyre and Hellas compared to the
s (Late Hesperian), and Mars Plain
Plains (A nian). martian Northern and Tharsis S.
Absolute Age (billions of years) 13 Wetheringsrs
0.70 2.3 3.58 3.7 Hartman, et al, 1981
0.'25 0.7 1,8 3.1 Neuksm & Wise, 1976
L |
Am Al:'ll. Anzn::l:ln llgul: r.lu He!g;;lr’hl
Debris
Aprons
Noctis
Laby. Viking Site 1
Hesperia Planom
Argyre Glaciation
i Amazonis
Hellas| Glaciation Chryse Flg 3. Summary Of the
- Linss time-stratigraphic age of
Elysiam| Paieotake _ ice sheet and ocean
formation together with
Tharsis Plaine several other major eve